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ABSTRACT  
   
Specific inorganic and organic pollutants in water (As(V), Cr(VI), THMs, and 
hardness) cause health concerns or aesthetic problems. The goal of this dissertation is to 
demonstrate novel approaches to improve the performance of point of use and municipal 
activated carbon processes to provide safe and reliable water to the public at distributed 
centralized locations.  
 Template Assisted Crystallization system would adjust saturation index (SI) value 
of TAC treated water to zero when SI value of influent water was in the range at 0.08~0.3. 
However, the reduction in SI when SI values were higher (e.g. 0.7~1.3) was similar to the 
reduction at lower SI values which could be due to limitations in kinetics or mass transfer 
with the template on TAC media.  
 Pre-chlorination prior to municipal-scale granular activated carbon (GAC) 
treatment was evaluated to control THM formation in distribution systems. Pre-
chlorination decreased UVA, shift the dissolved organic carbon (DOC) molecular weight 
distribution and pre-formed trihalomethanes (THM). GAC treatment of pre-chlorinated 
water achieved lower THM formation in distribution systems.  
To add functionality in POU systems to remove As(V) and Cr(VI), activated 
carbon was nano-tized to fabricate nano-enabled carbon block (CB) by (1) impregnating 
iron or titanium metal oxides chemically or (2) attaching titanium based P25 through 
electrostatic attraction force. Nanoparticle loadings of 5 to 10 wt % with respect to 
activated carbon enables reduction of As(V) or Cr(VI) from levels of common occurrence 
to below regulatory levels across carbon block designs. Minimal impacts on As(V) and 
Cr(VI) sorption were observed up to a nanoparticle pre-treatment temperature of 200 C, 
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which is the temperature for CB production. Through controlling pH at 4.5 during mixing 
of nanoparticles with pH IEP=6 and activated carbon with pH IEP=3, electrostatic 
attachment of nanoparticles to activated carbon could be achieved prior to fabricating 
carbon block. A mini carbon block test device was designed, fabricated, and validated to 
mimic performances of full-scale carbon block using less volumes of test water. As(V) 
removal tests showed Fe impregnated CB achieved the highest As(V) removal while P25 
attached CB had the lowest among three nanoparticles loaded CBs. 
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CHAPTER 1 
INTRODUCTION 
 Inorganic and organic pollutants in water cause potential health concerns or 
aesthetic problems. Arsenate, hexavalent chromium, and THMs should be treated within 
drinking water standard for human health risks. Controlling calcium hardness in water 
will be required to solve aesthetic issues. Consumers` desire for higher quality of 
drinking water is growing as the quality of their lives improves. The goal of my 
dissertation is to demonstrate novel approaches to improve the performance of point of 
use (POU) and municipal activated carbon process to provide safe and reliable water to 
the public. There are three specific parts to achieve goal: (1) assess viability to safely 
nano-tized activated carbon block in POU devices that can enable simultaneous removal 
of As(V) or Cr(VI) and organic pollutants, (2) demonstrate that pre-chlorination prior to 
GAC can decrease THMs present in tap water, and (3) a potential of a non-chemical SI 
reduction technology at various SI conditions. 
 As(V) and Cr(VI) should be removed for public health from drinking water. 
Arsenic occurs in water because of mineral weathering or human activities such as 
mining wastes, petroleum refining, sewage sludge, and ceramic manufacturing 
industries(Chen et al., 2007; Westerhoff et al., 2005). Arsenic is toxic to animals as well 
as plants and inorganic arsenicals are carcinogenic to humans. The hexavalent chromium 
(Cr(VI)) originates from various industries, such as electroplating operations, steel 
making, leather tanning, mining, and pigment manufacturing(Sun et al., 2014) and 
naturally occurring. Cr(VI) has toxic effects on biological systems, especially human 
health(Kotaś and Stasicka, 2000). The United States Environmental Protection Agency 
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(USEPA) adopted a new drinking water arsenic standard of 10μg/L and total chromium 
Maximum Contaminant Level (MCL) of 0.1 mg/L(US EPA, 2017a). The World Health 
Organization (WHO) guideline is 0.05 mg/L for total chromium which is lower than 
USEPA(Gorchev and Ozolins, 2011).  
Hardness, calculated as the sum of multivalent cations, often exist at significant 
concentrations in natural waters. Scale formation by hardness in water system causes 
several problems such as scaling occurrence on water-related appliances and clogging of 
pipes. Hard water is classified as exceeding 100mg/L as CaCO3. Hardness in water 
should be removed in terms of aesthetic and economic aspects.  
Trihalomethanes (THM) are one class of disinfection by-products (DBPs) formed 
from chlorination process and the regulated THM is 80 μg/L in the USA while that of 
WHO and other countries is ranged from 100~250 μg/L. Table 1.1 shows the regulatory 
levels of concern around water. Table 1.2 shows water quality reports (2016) from 
several cities in Arizona showed that total trihalomethanes (TTHM) are an issue to be 
controlled, however, haloacetic acids (HAA) is not a problem in drinking water in 
Arizona.  
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Table 1.1 Regulatory levels of concern around water 
Country/Organization As (μg/L) Cr (μg/L) TTHM (μg/L) 
WHO 10 50
 1)
 100 
USA/EPA 10 100 80 
 Korea/MOE 10 50 100 
Australia/NHMRC 7 50 250 
Canada/HC 10 50 100 
EU/EC 10 - 100 
 
    1) Advisory concentration 
 
Table 1.2 THM and HAA concentrations of several cities` annual water quality report in 
Arizona (2016)  
City 
TTHMs(ppb) * HAA(ppb) * 
Lowest 
Level 
Highest 
Level 
Highest  
RAA 
Lowest 
Level 
Highest 
Level 
Highest  
RAA 
Phoenix 18.0 71.0 66.0 6.0 20.0 25.0 
Mesa 8.4 104.0 78.0 ND 26.0 22.0 
Chanlder 7.5 110.0 51.2 1.0 27.0 14.9 
Tempe 3.9 95.0 64.0 ND 23.0 18.0 
Grendale 6.7 65.3 57.4 ND 20.6 14.9 
Scottsdale 15 74.4 65.5 2.7 15.9 14.8 
Payson 9.8 9.8 - 2.2 2.2 - 
 
* MCL of THM: 80ppb (Locational Running Annual Average); HAA: 60ppb (Locational 
Running Annual Average) 
  
  4 
Current Treatment Technologies 
POU water treatment systems have been applied for decades to solve water 
quality problems of individual homes in many countries. POU devices are used to purify 
only one tap of incoming water at the household or tap scale, while POE devices are 
designed to treat all the water coming into larger apartment buildings or small 
communities. The POU marketplace has annual revenues globally more than $20 billion 
to rapidly cope with new technologies because of growing customer demand, lower cost, 
and less replacement of product parts(Westerhoff et al., 2016). According to the 
Freedonia Focus Reports (The Freedonia Group, Inc), the market of POU/POE in the 
United States is expected to reach $ 1.6 billion annually by 2017, with 6.7% of growth. 
Among them, POU products will grow by 5.3% to $ 930 million by 2017(The Freedonia 
Group, 2014). POU devices on the market today rely on various types of basic 
technology. There are several technologies widely used for water treatment: carbon block 
filter, special media, ion exchange, membranes (MF, NF, RO), and ultraviolet radiation. 
Solid block activated carbon filters (i.e., carbon block) can effectively remove organic 
contaminants such as some insecticides, pesticides, and chlorinated solvents by 
adsorption onto the carbon surface. However, these filters typically cannot remove most 
heavy metals, viruses, small bacteria, arsenic, fluoride, iron, or nitrates. To overcome this 
problem, specialty chemical adsorbents have been developed and used to remove 
inorganic contaminants such as arsenic and fluoride. There are many kinds of POU 
devices, and many of them use carbon blocks as their treatment technology. Carbon 
blocks are used with (1) POU units designed for under-sink and inline residential 
applications, (2) devices connected to ice-makers, water fountains, and hot-and-cold 
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beverage equipment, (3) distillers, to remove the number of contaminants from tap water, 
(4) RO devices, to apply as pre-filters and post-filters. 
To remove Ca
2+
 and Mg
2+
, softening, chemical precipitation, ion exchange, or 
physical separation processes are commonly used in drinking water system. Ion exchange 
media is one of widely used POU system to remove hardness, however, this system needs 
periodic regeneration of ion exchange media which can produce a large amount of 
chemical wastes. Chemical softening applied in the industries is a traditional and cost-
effective technology to remove hardness by adding lime and soda ash. This process can 
change Ca
2+
 ions into a form of CaCO3 by raising the pH of the water so that calcium 
ions can be easily removed from the hard water. However, the physical water treatment 
can be considered as an alternative to chemical treatment such as ion exchange, chemical 
precipitation, or RO system for hardness removal since no chemicals added. These 
physical technologies include template assisted crystallization (TAC), electrically 
induced precipitation (EIP), and electromagnetic devices. TAC among them is a 
commercially available technology to remove calcium in the water. This method has 
several advantages compared to ion exchange for hardness removal; namely, no need for 
salt or other regenerants, no backwashing and waste, and easy operation.  
In municipal scale WTPs, both granular activated carbon (GAC) and powdered 
activated carbon (PAC) are used in the United States to remove taste, odor, THMs and 
other various pollutants in water. These technologies have been very familiar to utility 
managers and operators for a long time because of lots of experience accumulation. GAC 
as the cost-effective adsorbents can also control many emerging pollutants such as 
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endocrine disrupting compounds, pharmaceutically active compounds, and personal care 
products in source waters(Snyder et al., 2007). 
A market research report from Grand View Research(2016) in Figure 1.1 shows 
the size of global activated carbon market exceeded USD 3.0 billion in 2015. This is 
because of increasing demand for clean water consumption and growing water treatment 
plants. Growing concern of consumers regarding health risks of contaminated drinking 
water is expected to be a significant parameter for constantly increasing the global market. 
Increased government subsidies and growing industrialization are anticipated to further 
industry growth over the next eight years and its growth leads to the activated carbon 
market. GAC is a technically feasible process, but operators need assistance in optimizing 
its performance to maximize the bed volume treated per kg GAC.  
 
Figure 1.1 U.S. activated carbon market revenue by product, 2014 - 2024 (USD Million) 
(Grand view research, 2016) 
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Nanotechnology 
Nanotechnology manipulates matter on an atomic, molecular, and supramolecular 
scale. Nanomaterials have at least one dimension ranged from 1 to 100 nanometers. 
Nanotechnology can provide the opportunity to decrease the size of treatment systems 
and improve their pollutant selectivity by providing unique size-dependent properties 
related to their high specific surface area which can lead to fast dissolution, high reac-
tivity, and strong sorption(Westerhoff et al., 2016; wikipedia, 2017).  
Nanoscale metal oxides have a high specific surface area, a short intraparticle 
diffusion distance, and compressibility. One of the widely used nanotechnology-enabled 
methods is to embed nanoparticles into macroscale structures(Westerhoff et al., 2016). 
This method would include the precipitation of nanomaterials in the pores of activated 
carbon, ion exchange, or other macroporous sorbents; attachment or agglomeration of 
nanomaterials into carbon block(Westerhoff et al., 2016). Nano-irons are the mostly 
employed nanomaterial for arsenic adsorption process because of a high affinity of 
arsenic with iron surfaces and low cost of iron (hydr)oxides(Elton et al., 2013; 
Westerhoff and Benn, 2008) (Elton et al., 2013; Westerhoff and Benn, 2008). Nano-
titanium which is regarded as another promising nanomaterial has given an opportunity 
as an alternative to metal (hydr)oxide media, however, its high cost of titanium required a 
development of inexpensive and easy fabrication method for titanium dioxide-based 
hybrid media(Pena et al., 2006). Nano-titanium has been embedded into granular 
activated carbon(Westerhoff et al., 2008) or titanium dioxide-based hybrid ion-exchange 
media to remove arsenic from water(Athanasaki et al., 2015; Elton et al., 2013). Also, 
hybrid ion exchange media were developed by impregnation of iron (hydr)oxide 
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nanoparticles within pores of ion exchange resins for simultaneous removal of arsenate 
and perchlorate from drinking water(Westerhoff et al., 2016). When embedding 
nanomaterials into sorbents like activated carbons, ion exchange resins, and nanofiber, 
the most widely used media are activated carbons as the support media. Activated 
carbons contain nano-sized pores that can lead to high surface areas where can be utilized 
as sites for the attachment of nanomaterial and they can remove a variety of contaminants 
like odor, taste, DBPs, and chlorine. In addition, use of carbon nanoparticles can provide 
a huge amount of pores that allows pollutants to access and sorb on nanoparticle 
surfaces(Westerhoff et al., 2016; Westerhoff and Benn, 2008).  
Templated assisted crystallization (TAC) technology combines hardness ions and 
their counter-ions (bicarbonate) at the sites on the TAC media surface and then to form 
inert nanometer-size "seed crystals” called nucleation. The formed seeds provide an 
enormous area for preferential growth of hardness ions remained in water by making the 
remaining dissolved ions to attach to seed crystals(Vastyan, 2010). 
 
Research objectives for dissertation 
I applied three ways of nanotechnology in this dissertation. First, nanoparticles are 
attached to activated carbon and then manufactured into carbon block to remove As(V) 
through electrostatic attraction force. The second method was an in-situ synthesis of 
nanoparticles in AC pores. Thus, nanoparticles increase functionality of activated carbons 
which is generally designed for organic and chemical removal. Third, the atomic level of 
templates which are acted as nucleation sites on the surface of TAC media can convert 
dissolved hardness like Ca
2+
 and HCO3
-
 into microscopic crystals, and then, the grown 
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crystals on nucleation sites are released by the influent water. The TAC beads are 
fluidized during an operation creating agitation that releases the crystals from nucleation 
sites and allows for nucleation to continue occurring in water.  
The goal of my dissertation is to demonstrate novel approaches to improve the 
safety and aesthetics of tap water. These are illustrated in Figure 1.2. Specific dissertation 
objectives include the followings: 
 1. Evaluate the potential for a non-chemical SI adjustment technology in water; 
2. Demonstrate that pre-chlorination prior to GAC can decrease THMs present in 
tap water; 
3. Demonstrate viability to safely nano-tized activated carbon block in POU 
devices such that it enables simultaneous removal of As(V) or Cr(VI) and organic 
pollutants. 
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Figure 1.2. Illustration of technologies in the dissertation to remove target pollutants 
  
Pollutants 
in waters 
Calcium hardness 
TTHMs, NOM 
As(V), Cr(VI) 
Conventional & improved
 media systems 
TAC 
GAC 
Carbon Block 
Final Goal : 
Provide people  
with Safe water 
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Dissertation organization 
To address above objectives, the following seven research questions guide the 
research in my dissertation and the chapter to prove each research question is described 
below: 
 1) Can TAC(template assisted crystallization) system adjust the saturation index  
 at various water conditions? – Chapter 3 
2) Can pre-chlorination prior to GAC process reduce the THM formation in the
 distribution system at various water sources? – Chapter 4 
3) What loading of metal oxides and ion exchange media in a carbon block 
 configuration is required to remove As(V) or Cr(VI)? – Chapter 5 
4) Does pre-heating nanomaterials affect their adsorption capacity during carbon 
 block manufacturing? – Chapter 6 
 5) Can a small scale apparatus be designed to test mini carbon block cores from 
 actual carbon block matrices? – Chapter 7 
6) Can Au(+) or Au(-) nanoparticles be electrostatically attached to activated 
 carbon? – Chapter 8 
7) Will electrostatic attachment of metal oxide nanomaterials onto activated 
 carbon prior to carbon block fabrication lead to the removal of As(V) while 
 limiting nanomaterial release during continuous water flow?– Chapter 9 
 
Chapter 2 presents a literature review of TAC, GAC, pre-chlorination, inorganic 
pollutants, POU system, nanotechnology, and carbon block technology. Chapter 10 
includes summary and recommendation for future research. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Saturation index change in Templated Assisted Crystallization (TAC) system 
2.1.1 Hardness 
Hardness, formed with multivalent cations, in particular calcium (Ca) and 
magnesium (Mg), often exist at significant concentrations in natural waters. In general, 
hardness of water can be represented as the sum of the calcium and magnesium 
concentrations, expressed by milliequivalents per liter(Crittenden et al., 2012).  
Hardness, eq / L = 2 [Ca
2+
] + 2[Mg 
2+
]  
Calcium (Ca) and magnesium (Mg) are abundant alkaline earth metals and 
divalent cations in igneous rock minerals, in sedimentary rock as calcite, or in sandstone 
as cement. Most of these dissolved minerals do not cause a significant health problem, 
however, precipitation of Ca and Mg can cause a clogging in drinking water distribution 
system pipes, valves, meters, and faucets. In addition, scale formation from a deposit of 
Ca and Mg can reduce heat transfer for domestic hot water systems or industrial cooling 
system(Chao and Westerhoff, 2002; Panthi, 2003).Waters are classified as below 
depending on the concentration of hardness: 
Soft                       0 to < 50 mg/L as CaCO3 
Moderately hard   50 to <100 mg/L as CaCO3 
Hard                     100 to <150 mg/L as CaCO3 
Very hard               > 150 mg/L as CaCO3 
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To remove Ca and Mg, softening, chemical precipitation, ion exchange, or 
physical separation processes are commonly used in drinking water system(Chao and 
Westerhoff, 2002).Chemical softening is a traditional and cost-effective technology to 
remove hardness by adding lime and soda ash. This process can change calcium ions into 
a form of CaCO3 by raising the pH of the water so that calcium ion can be easily removed 
from hard water. In order for CaCO3 to precipitate from solution, the solution should be 
oversaturated with calcium ions. In general, caustic soda (NaOH), soda ash (Na2CO3), or 
lime (CaO) is mostly used to increase the pH value in many plants(Chao and Westerhoff, 
2002; Singer, 2005).  
2.1.2 Saturation Index (SI) 
Understanding general information of calcium carbonate (CaCO3) is necessary for 
the evaluation of saturation index of water. The presence of an amount of calcium ions in 
water can turn soft water into hard water and cause several problems in various areas due 
to the scale formation(Singer, 2005). To understand saturation index, it is necessary to 
study the solubility and solubility product constant of calcium carbonate. The solubility 
equation of calcium carbonate can be expressed as below: 
                                        
 
2
3
2
)(3 COCaCaCO s  
The solubility product constant, Ksp, is the equilibrium constant while a solid 
substance dissolved in an aqueous solution. It can also stand for the level where a solute 
dissolves in solution. The value of Ksp can get higher as there are more substances to be 
soluble. The equation to determine Ksp can be shown: 
                      )()()( aqdDaqcCsaA     dc DCKsp   
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From above equation, the Ksp value of calcium carbonate can be obtained: 
               
 
2
3
2
)(3 COCaCaCO s     3.8232 10  COCaKsp    
The Ksp is very useful information to determine whether precipitation will happen 
depending on ion concentration(Panthi, 2003).  
Calcium carbonate (CaCO3) saturation indexes are widely used to assess the scale 
forming and scale-dissolving status of water. Evaluating these tendencies is a good 
approach to control a corrosion and prevent CaCO3 scaling in pipes and 
equipment(Merrill, 1990).  The saturation index (SI) is commonly used and it can be 
calculated to represent the potential for a solid to precipitate based on equation 1. 
         
           
  
         
  
 in which, Ksp = the solubility product for calcite. 
Thermo-dynamically, CaCO3 will begin to precipitate once the product of the 
activities of calcium and carbonate ions become greater than the calcite solubility product 
constant. In other words, when SI value becomes greater than 0, it means that super-
saturation is reached. SI < 0 indicates an under-saturated water condition and SI =0 
represents a water in equilibrium with CaCO3(Chao and Westerhoff, 2002; Harald Kalka, 
2018; Merrill, 1990).  
2.1.3 Nucleation 
The crystallization of CaCO3 is regarded as the transition of dissolved calcium 
and carbonate ions in over-saturated solutions into a solid phase through the process of 
nucleation. Nucleation corresponds to the formation of centers from which spontaneous 
precipitation and crystal growth can occur. This nucleation process could also be affected 
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by the shift of the pH in the solution(Gómez-Morales et al., 1996; Singer, 2005). To 
explain the stages of nucleation and growth it is needed to comprehend the Lamer 
diagram worked by Lamer in the 1950s (Figure 2.1). This theory is one of the most 
commonly used nucleation theories showing the graph of the formation stages of sulfur 
sols from the composition of sodium thiosulfate in HCl. Figure 2.1 illustrates three parts 
to complete the nucleation process. Part I demonstrates the increase in the 
concentration(C) of monomers until the nucleation period, which can be regarded as a 
pre-nucleation stage. Part II refers to nucleation stage and it indicates an increase in the 
concentration of monomers up to the maximum super-saturation (Cmax) and the 
subsequent decrease in the growth stage (Ccrit). Lastly, Part III, called it as growth stage, 
shows the decrease in the concentration of monomers up to the solubility level (Cs) and 
no change in concentration over time(Mehranpour et al., 2012). 
 
 
Figure 2.1 The Lamer mechanism of nucleation of sulfur(Mehranpour et al., 2012) 
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There are two kinds of nucleation processes, homogenous or heterogeneous 
nucleation depending on the absence or presence of nucleation agent such as seed 
crystals, providing surfaces to form crystal growth. Heterogeneous nucleation can be 
described as the precipitation on the surface of nucleating agents. On the other hand, 
homogeneous nucleation refers to precipitation in no existence of nucleating surfaces. 
The particular thing of heterogeneous nucleation comparing to homogeneous nucleation 
can diminish the free energy of crystallization during the water softening 
processes(Singer, 2005). 
 Gebauer et al. (2008) investigated the very early stages of CaCO3 crystallization, 
which means the pre-nucleation stage. At pH condition of 9.25, 10mM of calcium 
chloride solution kept adding into 10mM of carbonate buffer solution over time and free 
calcium ion was measured with calcium ISE (Ion Selective Electrode).The 10mM of 
NaOH was used to keep the pH stable during the test, keeping carbonate species exist 
constantly. The result at pH 9.25 showed that pre-nucleation, nucleation, and post-
nucleation stage happened. Free calcium ions measured by the calcium ion selective 
electrode increased slowly over the addition of calcium chloride solution. As the addition 
of calcium chloride solution increased, free calcium ions reached a critical point and a 
nucleation occurred. Afterward, free calcium ions dropped again up to a constant 
solubility value and further added calcium was consumed by the growth of crystalline. 
From this test, it was found out that clusters formed in both the under-saturated and 
supersaturated stages. The results analyzing the size of clusters to examine the presence 
of them by Analytical Ultracentrifugation explained that the clusters in under-saturated 
stage couldn`t be detected because of too low concentration of clusters for detection even 
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though there is an evidence for the existence of cluster by calcium titration test, however, 
for samples acquired in the supersaturated stage and nucleation, clusters with a 
hydrodynamic diameter of ~2 nm were detected. Larger clusters with HD ~6nm was also 
detected in the post-nucleation stage and there is no detection of smaller clusters 
anymore(Gebauer et al., 2008). 
Singer et al (2005) investigated the enhancing calcium carbonate precipitation by 
heterogeneous nucleation during chemical softening to examine the removal efficiency of 
dissolved calcium under the conditions of homogeneous nucleation and heterogeneous 
nucleation using two different sizes of calcite seed crystals. The first test was performed 
in the homogeneous nucleation condition by adding only NaOH into the synthetic water 
slowly and measuring calcium ion. The dissolved Ca
+2
measured tended to decrease as an 
increase in NaOH dosing, however, the complete precipitation did not happen in spite of 
an increase in the degree of super-saturation. The second test was conducted under 
heterogeneous conditions using two different calcite seed crystals as nucleating agents. 
The addition of calcite seeds made dissolved Ca
+2
 closer to equilibrium compared to the 
test done by the addition of NaOH only. The result asserted that smaller seed crystal with 
the high surface area (2.75 m
2
/g) is more effective than a large one (0.278 m
2
/g) to reduce 
the concentration of dissolved Ca
+2
. Moreover, ten times difference in the surface area 
resulted in ten times difference in optimal dose. This result indicated that available 
surface areas of seeds are very important for precipitation. The last test was carried out by 
using NaOH and two calcite seed crystals at the same time and the dosing rates of calcites 
were 50mg/L and 500mg/L, respectively. As an addition of seed crystals increased, the 
removal of dissolved Ca
+2 
improved. Through this test, it was clear that seed crystals 
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could provide the sufficient surface areas to overcome the barrier against nucleation and 
crystal growth. The result also demonstrates that the presence of nucleating agents has 
much higher removal of total calcium than the absence of those(Singer, 2005). 
2.1.4 TAC (Template Assisted Crystallization) system 
Calcium carbonate is one of the most common scale components found in 
drinking water. Calcium promotes the scale formation and that results in malfunction of 
water supply systems by plugging of valves, pumps, and pipelines even though calcium 
does not show any adverse effect on human health. In addition, hard water decreases the 
efficiency of laundering processes by inhibiting the interaction of stains with detergents 
(Gebauer et al., 2008; Panthi, 2003; Singer, 2005). To reduce these problems, there are 
several scale prevention technologies, such as ion exchange, membrane separation, and 
chemical precipitation. Chemical precipitation process is widely used to remove Ca
2+
 in 
the water. However, physical water treatments for calcium removal are used as 
alternatives to ion exchange process because no chemicals added. These kinds of 
technologies form submicron crystals of calcium carbonate that remain suspended in 
water(Fox et al., 2013). The physical water treatment technologies include TAC 
(template assisted crystallization), EIP (electrically induced precipitation), and 
electromagnetic devices(Fox et al., 2013). Wiest et.al (2011) investigated the physical 
water treatment devices for hardness reduction to compare and evaluate the SI reduction 
efficiency using three technologies mentioned above. The conclusion asserted that TAC 
is the best method to prevent scale formation in a pipe through SI reduction test(Wiest et 
al., 2011). 
TAC is commercially available technology to remove calcium in the water and 
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many companies are providing their own information about TAC. According to Next 
filtration technology INC as shown in Figure 2.2, first, atomic level of templates which 
are acted as nucleation sites on the surface of small specially treated polymer spheres 
convert dissolved hardness like Ca
2+
 and HCO3
-
  into microscopic crystals, and secondly, 
the grown crystals on nucleation sites are released by the influent water. The polymeric 
beads are fluidized during an operation creating agitation that releases the crystals from 
nucleation sites and allows for nucleation to continue occurring in water. The crystals 
from the sites are relatively insoluble.  
Figure 2.2 Mechanism of Ca
2+
  removal in TAC media (INC, 2005) 
 
This method has several advantages compared to ion exchange for hardness 
removal: no need for salt or other regenerants, no backwashing and waste, and easy 
operation(INC, 2005). The HPAC engineering explained that TAC is a technology to 
combine hardness ions and their counter-ions (bicarbonate) at the sites on the media 
surface and then to form inert nanometer-size "seed crystals” called nucleation. The 
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formed seeds provide an enormous area for preferential growth of hardness ions remained 
in water by making the remaining dissolved ions to attach to seed crystals (Vastyan, 
2010). Several works for using seed crystals has been conducted in a variety of scale-
forming environments to prevent scale formation(Al-ghamdi, 2013). Results worked by 
Pfefferkorn et al presented that seeding technology using CaSO4- crystals was effective 
for scale inhibition from the experiment done in a pilot plant(Pfefferkorn, 1976). They 
found out controlling the residence time of crystals was very important to achieve the 
required growth rate in the seeding process. Another research conducted by Bond R et al 
explained that Ca was removed effectively with the CaCO3 seeds over time through the 
CaCO3 seeding test without chemical addition or pH adjustment(Bond et al., 2005).  
However, little research about TAC system has performed until recently. 
Wiest et.al (2011) investigated the efficiency of scale inhibition by comparing 
TAC (template assisted crystallization), EIP (electrically induced precipitation), and 
electromagnetic devices. The testing methodology used in this study was based on the 
German standard DVGW-W512 published in 1996 by the German Society of Gas and 
Water Specialists, and it was intended to provide procedures to evaluate the effectiveness 
of water conditioning devices for scale reduction(Yeggy, 2012). This standard explains 
all processes to assess the scaling prevention, such as test water, experimental apparatus, 
test procedure, test temperature(80C), assessment of results, and test report(Inc, 1996). 
Wiest et.al (2011) set up the apparatus consisting of a water supply tank, a pump, 
treatment lines, the treatment device, a check valve, and a water heater. The temperatures 
applied in the tests were at 80C and 60C. The temperature of 60C was adopted because it 
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would be more realistic in a domestic hot water heater and the flows were controlled 
periodically by a timer to simulate turn-on and off of faucet in a house for 20 days.  
 
2.2 THM formation potential in distribution system under an application of pre-
chlorination prior to GAC process 
2.2.1 DBP (Disinfection By-products) precursor and THMs 
Removing natural organic matter (NOM) is very important in a water treatment 
process because of its role as a precursor to the formation of disinfection by-products. 
The concentration of total organic carbon (TOC) corresponds to the DBP formation and 
chlorine dosage. (Lavonen et al., 2013; Matilainen et al., 2006). DBP precursors are 
ubiquitous in all surface water supplies, and these precursors can be characterized by 
various measurements of dissolved organic carbon (DOC), ultraviolet absorbance at 254 
nm (UVA254), specific ultraviolet absorbance (SUVA), and disinfection by-products 
formation potential (DBPFP)(Uyak et al., 2007). DOC is widely used as the primary 
surrogate parameter to measure NOM in water treatment systems.  
SUVA (specific UV absorbance) is a good indicator of the humic fraction of the 
DOC by defining the ratio of the UV absorbance at 254nm and dissolved organic carbon 
(DOC) concentration of a water sample. SUVA can be obtained by dividing UV254 
absorbance with the DOC concentration and its unit is expressed as L/mg/m(Weishaar et 
al., 2003). Waters with high SUVA values (e.g. >4 L/mg/m) have relatively high portions 
of hydrophobic, aromatic and high molecular weight of NOM fractions, whereas, waters 
with SUVA <3 L/mg/m contain mostly hydrophilic, non-humic and low molecular 
weight fractions(Liu et al., 2011). The fulvic fractions had a lower aromatic content and 
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smaller molecular size than the humic fractions. UV absorbance was correspondingly 
higher for the humic fractions, due to the higher aromatic contents and larger 
size(Reckhow et al., 1990). 
Trihalomethanes(THMs) are the major class of disinfection by-products in 
drinking water and they are formed when chlorine reacts with natural organic matter 
(NOM) and bromide (Br
–
) in source waters. THMs are comprised of chloroform (CHCl3), 
dichlorobromomethane (CHCl2Br), dibromochloromethane (CHBr2Cl) and bromoform 
(CHBr3)(Chang et al., 2001; Rizzo et al., 2005). THMs have been recognized as 
carcinogenic halogenated substances that are potentially hazardous to human health(Lee 
et al., 2009).  
Bromide (Br
–
) is the source water precursor that can control the concentration and 
speciation of DBPs in tap water after the chlorination application, so managing their 
concentrations is an important compliance issue. Elevated bromide levels in source 
drinking water can result in an increased formation of brominated disinfection by-
products(Becker et al., 2013; Chiu et al., 2012). s 
The Stage 2 D/DBP rule has a more stringent compliance requirement of THMs 
than stage 1. Under the previous Stage 1 DBP rule, MCL of TTHM is 80 μg/L and 
compliance was determined based on the running annual average (RAA) of all samples 
from all monitoring locations across the water distribution system(US EPA, 1998).  The 
Stage 2 D/DBP Rule (2006) did not change the MCLs for TTHM, however, compliance 
should be calculated based on the locational running annual average (LRAA), where the 
4-quarter average value for each compliance sampling location should be below the 
MCL(US EPA, 2006a).  
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To comply with DBP regulations, water treatment systems commonly consider to 
apply an enhanced coagulation process, the use of granular activated carbon (GAC), or 
membranes such as nanofiltration or reverse osmosis for DBP precursor removal and 
chloramination as an alternative to chlorination process can be applied to control DBPs in 
their finished water(Richardson, 2003; Wang et al., 2014). Among these processes, GAC 
is an effective adsorbent used widely to remove NOM, taste and odor compounds, and 
micro-pollutants from drinking water(Chiu et al., 2012; Matilainen et al., 2006; Quinlivan 
et al., 2005; Uyguner et al., 2007). Activated carbon is an effective adsorbent since it 
contains lots of macro, meso, and micro pores which can provide large surface areas to 
which contaminants may easily be adsorbed. GAC will be made from organic materials 
with high carbon contents such as wood, lignite, and coal(US EPA, 2017b). However, 
high cost of GAC currently limits its adoption. There is a need to increase the usable life 
of GAC, prior to its replacement and regeneration. 
2.2.2 Pre-chlorination and coagulation 
Chlorination is one of the most widely used disinfection processes in water 
treatment plants to provide a safe drinking water to the public. However, chlorine reacts 
with NOM in source water and it forms THMs which cause the health problem of 
human(Badawy et al., 2012). Even though the pre-chlorination could form DBPs by 
reacting with NOM in water, it could also reduce the NOM in raw water through an 
oxidation process. Reed investigated that pre-chlorination with chloramine or free 
chlorine was equally effective in removing and controlling THMs precursors in parallel 
pilot systems(Reed, 1983). The study investigated by Liu Y, Wang et al.(2011) that pre-
chlorination changed the fractions of the hydrophilic acid(HPIA), the hydrophobic 
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acid(HPOA), and the transphilic acid(TPHA) without a significant change in DOC 
concentration. In addition, they found out pre-chlorination treatment resulted in a 
decrease of 27% of the UV254 in raw water. This is because the pre-chlorination process 
led to the cleavage of the large molecules and changed the molecular weight distribution 
to smaller molecule weight. Their results showed that the compounds with high 
molecular weight are more reactive with chlorine, while low molecular weight fractions 
are not reacted with chlorine(Liu et al., 2011). 
GAC was very effective at removing NOM over a wide range of fractions, 
especially the low and intermediate molecular weight fractions. DOC removal initially 
occurred through adsorption, and smaller molecular weight fractions were more removed 
as they could move and diffuse more easily through the pores of granular activated 
carbon(Gibert et al., 2013). The high molecular weight fraction (>10,000 Da) of NOM 
does not readily adsorb because of size exclusion effects; however, the high molecular 
weight fraction of NOM is generally well removed by a coagulation process. In contrast, 
intermediate molecular weight fractions (500~4000 Da) are well removed by 
GAC(Velten et al., 2011). 
 Coagulation process is expected to eliminate particles and colloids using 
coagulants, like alum or ferric chloride in water treatment plant, and coagulants also 
interact with NOM to change the oxidation reactivity of NOM(Ghernaout et al., 2014; Ji 
et al., 2008). Coagulation preferentially removes humic substances with the higher 
molecular weight of NOM. The effectiveness of coagulants to remove DBP precursors is 
dependent upon the molecular size of the NOM. In general, higher molecular weight 
fractions are effectively removed through coagulation process(WHO, 2000). Water 
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ranged from 1000 to 10,000 daltons of molecular weights generally formed the largest 
amounts of THMs under free chlorination conditions.  
2.2.3 Simulated Distribution System (SDS) test 
Accurate assessment of human exposure to the disinfection byproducts formed 
through the chlorination process in drinking water needs to evaluate the concentrations of 
DBPs present at the final consumer’s tap. Since the treated water from water treatment 
plant can spend a considerable amount of time in the distribution system until consumers 
consume, it is important to anticipate the possible growth of DBPs over time for 
compliance of DBP regulation. The simulated distribution system (SDS) test or similar 
procedures has been used to evaluate DBP growth in the distribution system(Rossman et 
al., 2001). An SDS test method is a useful tool to predict the amounts of DBPs in a 
distribution system and many studies have been conducted based on different locations 
and conditions(Brereton and Mavinic, 2002; Koch, Bart; Krasner, Stuart W.; Sclimenti, 
Michael J.; Schimpff, 1991; Krasner, Stuart W; Lee, Chih Fen Tiffany; Garcia, Eduardo 
A; Mitch, 2011; Rossman et al., 2001) 
The SDS tests were performed by applying free chlorine concentration, free 
chlorine contact times, pH, and temperature as close as possible to simulate the 
conditions used in the real distribution system. A bench scale protocol of a simulated 
distribution system(SDS) has been developed to predict the formation of NDMA(N-
Nitrosodimethylamine) and regulated DBPs line THMs and HAAs in drinking water. The 
SDS tests can be combined with a bench scale of pre-chlorination test to determine the 
optimal conditions to reduce DBPs in the distribution system by controlling DBP 
precursors(Krasner, Stuart W; Lee, Chih Fen Tiffany; Garcia, Eduardo A; Mitch, 2011). 
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Koch et.al (1991) compared DBPs from SDS test`s samples with the samples obtained 
from the real distribution system and made a conclusion that both results showed good 
correlation(Koch, Bart; Krasner, Stuart W.; Sclimenti, Michael J.; Schimpff, 1991).  
SDS test methodology is described in WRF 4607 (Influence of Pre-oxidation 
Prior to GAC Treatment on Controlling GACs Simulated Distribution System Test 
Procedure) from world research foundation(Foundation, 2015). The objective of SDS test 
from this test protocol is to investigate the influence of pre-oxidation prior to GAC 
treatment on controlling DBP formation in GAC treated water and in the distribution 
system. From SDS test result, it could be determined for DBP formation potential upon 
chlorination in GAC treated water under pre-determined target chlorine residual and hold 
time and expected acceptable levels of DOC in treated water in order to achieve 
distribution system water quality goals. 
 
2.3 Inorganic Pollutants 
2.3.1 Arsenic 
Arsenic occurs in natural water because of mineral weathering or human activities 
such as mining wastes, petroleum refining, sewage sludge, and ceramic manufacturing 
industries(Chen et al., 2007; Westerhoff et al., 2005).  
In 2001, the United States Environmental Protection Agency (USEPA) adopted a 
new drinking water arsenic standard of 10μg/L, resulting in downward from the old 
standard of 50μg/L. The World Health Organization (WHO) guideline value for arsenic 
in drinking water is 10μg/L, too. This new arsenic standard presented a big challenge to 
current water treatment facilities for compliance(Chang et al., 2010; Gorchev and 
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Ozolins, 2011). 
Arsenic is uniquely sensitive to mobilization (pH 6.5–8.5) and under both 
oxidizing and reducing conditions among heavy metalloids. Common arsenic species in 
the environment are arsenite (As(III), AsO3
3-
) and arsenate (As(V), AsO4
3-
), which 
referred to as trivalent arsenic and pentavalent arsenic. Arsenate which can be referred as 
H2AsO4
-
 and HAsO4
2-
 is the predominant and stable inorganic arsenic forms in the 
oxygen-rich environments (well-oxidized waters), while arsenite occurs mainly as 
H3AsO3
o
 and H2AsO3
-
 in reducing anaerobic environments and above 9.3 of pH. Figure 
2.3 shows the arsenate and arsenite speciations as a function of pH and Table 2.1 explains 
the pKa values of arsenate and arsenite(Chen et al., 2007; Gu et al., 2005; Mohan and 
Pittman, 2007). 
 
Figure 2.3 Arsenate(A)  and arsenite(B) speciation as a function of pH(Chen et al., 2007) 
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Table 2.1 pKa values of Arsenate and Arsenite(Chen et al., 2007) 
Species  Acid-base equilibria pKa 
Arsenate (Arsenate) 
H3AsO4 ↔ H2AsO4
- 
+ H
+
 2.20 
H2AsO4
-
 ↔ HAsO4
2- 
+ H
+
 6.97 
HAsO4
2- 
 ↔ AsO4
3-  
+ H
+
 11.53 
Arsenite (As(III)) 
H3AsO3 ↔ H2AsO3
- 
+ H
+
 9.29 
H2AsO3
-
 ↔ HAsO3
2- 
+ H
+
 12.10 
 
In humans, arsenic causes skin lesions to cancer of the brain, liver, kidney, and 
stomach. A wide range of arsenic toxicity has been determined with arsenic speciation in 
water. Inorganic arsenic species are more toxic than organic forms to humans and other 
animals. Arsenite (As(III)) is usually more toxic than arsenate(As(V)) because trivalent 
arsenic is easier to uptake than pentavalent arsenic(Sharma and Sohn, 2009). 
A variety of treatment technologies are available to remove arsenic from drinking 
water. The techniques commonly applied are (1) chemical coagulation/filtration using 
aluminum or iron coagulants; (2) precipitation on oxidized naturally occurring iron; (3) 
adsorption onto solid media; (4) anion exchange and (5) reverse osmosis(Badruzzaman et 
al., 2004; Chen et al., 2015; Vitela-Rodriguez and Rangel-Mendez, 2013). Coagulation is 
widely used because of its simplicity and reduced cost; however, large amounts of 
chemicals are needed to remove arsenic efficiently but generates sludge. Ion exchange 
method could also release harmful chemicals into the environment when the resins are 
regenerated and produce brine stream. The high-pressure membrane processes are 
commonly applied, but these technologies are too expensive to operate because of the 
high energy requirements and produce brine stream(Muñiz et al., 2009).  
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Adsorption technology has been widely used to remove arsenic due to its low cost 
and high efficiency(Vitela-Rodriguez and Rangel-Mendez, 2013). This adsorption 
process sometimes combines nanomaterial into activated carbons which have several 
good characteristics as a support media. They provide high surface areas and macro, 
meso and micro-pores for nanomaterial to be attached. The mostly employed 
nanomaterial for adsorption processes was iron because arsenic can have a good affinity 
with iron surfaces. Surface chemistry of media is very important for arsenic removal by 
metal oxides. Electrostatic attraction of anionic species is favored onto positively charged 
surface sites(Westerhoff and Benn, 2008).  
Many studies have been conducted for arsenic removal in a drinking water using 
commercial media as well as nanomaterial embedded media. Westerhoff et al evaluated 
several commercially available adsorptive media to compare arsenic removal in column 
tests. The media used in the study were iron oxide-based media (E33, ARM 200, and 
KemIron), iron hydroxide-based media (GFH), titania-based media (Metsorb G and 
GTO), and hybrid ion exchange resin (HIX)-based media (ArsenXnp)(Westerhoff and 
Benn, 2008). In addition, other researchers have investigated the arsenic removal 
efficiency using GFH(Badruzzaman et al., 2004; Westerhoff et al., 2005), E33 and 
GFH(Nguyen et al., 2011a), and ArsenXnp(Sylvester et al., 2007), respectively. 
Arsenic removal can be also achieved by sorption to nano iron (hydr)oxide 
impregnated sorbent which of support media was granular activated carbon(Chang et al., 
2010; Cooper et al., 2010a; Ghanizadeh et al., 2010; Hristovski et al., 2009b, 2008a), 
activated carbon fiber(Hristovski et al., 2009a), and ion exchange resin(Hristovski et al., 
2008c). In addition, another study developed the zirconium oxide nanostructured 
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adsorbent media by fabricating ZrO2 into macroporous ion exchange resin and evaluated 
their suitability for arsenate removal from water(Hristovski et al., 2008b).  
Titanium is also another nanoparticle widely used for arsenic removal in drinking 
water. There were many types of research for the application of TiO2 in arsenic removal 
with commercial titanium-based media(Metsorb)(Westerhoff and Benn, 2008), Degussa 
P25 TiO2(Dutta et al., 2004; Jegadeesan et al., 2010), Titanium impregnated granular 
activated carbon(Westerhoff et al., 2008),  titanium dioxide-based hybrid ion-exchange 
media(Athanasaki et al., 2015; Elton et al., 2013), and TiO2-impregnated chitosan 
bead(Miller and Zimmerman, 2010). 
2.3.2 Chromium 
Hexavalent chromium (Cr(VI)) is one of the emerging contaminants because of its 
toxicity to living organisms and potentially strict drinking water regulatory 
standards(Chebeir et al., 2016; Huang et al., 2009). The hexavalent chromium (Cr(VI)) 
will be originated from various industries, such as electroplating operations, steel making, 
leather tanning, mining, and pigment manufacturing(Sun et al., 2014).  
Chromium can exist in several chemical forms displaying oxidation numbers from 
0 to VI. Among them, trivalent and hexavalent chromium are stable enough to occur in 
the environment. The oxidation state of Cr(III) is the most stable and considerable energy 
would be needed for converting it to lower or higher states. The Cr(VI) in acidic solution 
demonstrates a very high positive redox potential which denotes that it is strongly 
oxidizing and unstable in the presence of electron donors(Kotaś and Stasicka, 2000). 
Figure 2.4 shows the relative distribution of Cr (VI) species as a function of pH(Balan et 
al., 2013). In drinking water conditions, Cr(VI) exists as the oxyanion CrO4
2-
, whereas 
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Cr(III) can exist as various Cr(III) solids due to a very low solubility. Cr(VI) compounds 
are usually highly soluble and mobile compared to soluble Cr(III) species(Chebeir et al., 
2016).  
 
 
Figure 2.4. Relative distribution of Cr (VI) species as a function of pH 
 (Balan et al., 2013) 
 
Cr(VI) has a toxic effect on biological systems, especially human health. The 
exposure to Cr(VI) compounds could result in various clinical problems. Inhalation of 
Cr(VI) containing materials can cause perforation of the nasal septum, asthma, bronchitis, 
pneumonitis, inflammation of the larynx and liver. Skin contact of Cr(VI) compounds can 
induce skin allergies, dermatitis, dermal necrosis and dermal corrosion. A significant 
concentration of Cr(III) formed can cause further adverse effects because of its high 
capability to coordinate various organic compounds resulting in inhibition of some 
metallo-enzyme systems(Kotaś and Stasicka, 2000). Cr(VI) is much more mobile than 
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Cr(III) and more difficult to remove from water. It is more toxic than Cr(III) through the 
acute oral route, probably due to the stronger oxidizing potential of Cr(VI).(Ridge et al., 
1994). The USEPA regulates total chromium in drinking water and has set a Maximum 
Contaminant Level (MCL) of 0.1 mg/L(US EPA, 2017a). The World Health 
Organization (WHO) guideline is 0.05 mg/L for total chromium which is lower than 
USEPA(Gorchev and Ozolins, 2011). In addition, California recently proposed a drinking 
water Cr(VI) standard of 10μg/L, and then rescinded due to high compliance 
cost(California EPA, 2016). 
Cr(VI) removal technologies include electro-chemical precipitation(Den and 
Wang, 2008), membrane ultrafiltration(Zhang et al., 2009), adsorption(Choi et al., 2009; 
Liu et al., 2007; Zhang and Zhang, 2014), and ion exchange(Balan et al., 2013; Li et al., 
2016). Among these techniques, adsorption has been confirmed to be an effective and 
reliable method because this method provides several advantages like low cost, 
availability, easy operation and efficiency compared with membrane filtration or ion 
exchange(Owlad et al., 2009; Zhang and Zhang, 2014). Membrane filtration has also 
received a significant attention for the wastewater treatment since it can remove heavy 
metals such as Cr(VI). Various types of membrane filtration such as inorganic, 
polymeric, and the liquid membrane can be employed for Cr(VI) removal(Aroua et al., 
2007; Pugazhenthi et al., 2005). Ion exchange is a physical process for the removal of 
Cr(VI) and the mechanism is that an ion with a high affinity for the resin material of the 
ion exchange column replaces an ion with a lower affinity that was previously bound to 
the column resin(Ridge et al., 1994).  
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2.3.3 Commercial adsorbent media for the removal of As(V) and Cr(VI)  
There are several media commercially available in a market for As(V) and Cr(VI) 
removal. One of them is E33 which is a widely used commercial material for arsenic 
adsorption. It is a dry, granular, amber-colored iron composite medium consisting 
primarily of α- FeOOH. It was manufactured by Severn Trent for removal of arsenic and 
other contaminants like antimony, cadmium, chromate, selenium, and vanadium from 
water(Illavsky and Barlokova, 2012; Nadagouda et al., 2012). Westerhoff et.al had 
evaluated the arsenic adsorption capacity of E33 through RSSCTs with various water 
sources containing 21.5~50μg/L of initial arsenic concentration and 7.2~7.7 of pH. Based 
on reaching an RSSCT effluent concentration of 10 μg/L, arsenic adsorption capacity of 
E33 ranged from 0.4 to 1.8 mg As/g of dry media across the different source waters. The 
influent pH value as well as the presence of silica, vanadium, phosphate, and/or calcium 
all appeared to impact the performance of E33(Westerhoff and Benn, 2008). 
MetSorb® HMRG is a highly effective granular adsorbent consisted of titanium 
compound to remove As(III) and As(V), and a wide variety of heavy metals including 
lead, cadmium, copper, Cr(VI), selenium, and zinc from water. This medium is NSF 
Standard 61 approved and has received a regulatory approval from agencies across the 
United States. MetSorb® HMRG media’s adsorptive capacity is 7~12 mg of As/ g of 
Metsorb in drinking water applications with a pH range of 6.5~8.5(Technologies, 2015). 
In addition, the research results of RSSCTs done by Westerhoff et al showed 0.2~0.6 mg 
As/g of Metsorb dry media at a variety of water sources(Westerhoff and Benn, 2008).  
TiO2 P25 from Evonik is a fine white powder with hydrophilic character caused 
by hydroxyl groups on the surface. It consists of aggregated primary particles and they 
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are several hundred nm in size while the primary particles of them have a mean diameter 
of approximately 21nm. The specific surface area of P25 is about 50 m²/g and P25 
consists of 81% and 19% of anatase and rutile TiO2 crystal structure mixture(Evonik, 
2015; Weir et al., 2012). Adsorption of arsenate (As(V)) and arsenite (As(III)) to P25 was 
investigated as a function of pH. The adsorption capacity of As(V) on to TiO2 was higher 
at pH 4 than pH 9 while that of As(III) was opposite(Dutta et al., 2004). The Cr(VI) 
adsorption test with P25 was performed at 40ppm of initial Cr(VI) concentration by Qian 
et al and the result showed that the adsorption capacity of P25 was 5.0mg/g(Qian et al., 
2012).  
Strong base anion (SBA) exchange resin has been used successfully at the bench 
and pilot scale of tests to remove hexavalent chromium (Cr(VI)) from drinking water to 
below the new California maximum contaminant level (MCL) of 10 μg/L(Li et al., 2016). 
WBAX (weak base anion exchange) has a very high affinity and a very high removal 
capacity for Cr(VI). The pilot scale column tests, as well as bench-scale tests have 
demonstrated long run times more than 100,000 to 300,000 bed volumes at 
breakthrough(Najm et al., 2014). Among them, SIR-700(ResinTech. Inc) which is weak 
base anion exchange resin form could remove selectively chromate and dichromate 
(Resintech, 2016, 2011). Three types of WBAX were tested to evaluate Cr(VI) adsorption 
capacity with synthetic test water. The results explained SIR 700 had the highest 
adsorption capacity(Gifford, 2015). 
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2.4 POU and POE water treatment systems 
POU (Point Of Use) water treatment systems have been applied for decades to 
solve water quality problems of individual homes in many countries(Peter-Varbanets and 
Pronk, 2006). POU devices are used to purify only one tap of incoming water at the 
household or tap scale, while POE devices are designed to treat all the water coming into 
larger apartment buildings or small communities(US EPA, 2007, 2006b). POU and POE 
systems have been regarded as an appropriate final multiple barrier in drinking 
water(Mohamed et al., 2010). Employment of POU drinking water treatment units has 
been increased due to the public`s expectation for high quality of drinking water. The 
POU marketplace that estimates more than $20 billion annually is trying to rapidly cope 
with new technologies because of growing customer demand, lower cost, and less 
replacement of product parts(Westerhoff et al., 2016). According to the Freedonia Focus 
Reports, the market of POU/POE in the United States is expected to reach $ 1.6 billion 
annually by 2017, with 6.7% of growth. Among them, POU products will grow by 5.3% 
to $ 930 million by 2017, whereas the POE system demand is anticipated to reach $ 650 
million by 2017 with a growth rate of 9.1%(The Freedonia Group, 2014). 
When POU and POE treatment devices are used, they should meet drinking water 
standards by EPA guidance, and regulations, third-party certification by the National 
Sanitary Foundation (NSF) International, standards from the American National 
Standards Institute (ANSI), and federal laws and state involvement(US EPA, 2006b). 
NSF/ANSI Standard 53 describes minimum requirements for POU and POE drinking 
water treatment systems(Lau et al., 2005). 
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POU and POE devices on the market today rely on various types of basic 
technology. There are several technologies widely used for water treatment: ion exchange, 
membranes, ultraviolet radiation, carbon block filter and special media. Ion exchange 
resins are used primarily to treat inorganic contaminants by replacing contaminant ions in 
water with relatively harmless ions. Ion exchange can be classified as anion exchange or 
cation exchange. For the membrane systems, reverse osmosis (RO), microfiltration (MF), 
nanofiltration (NF) can be applied as POU and POE technologies depending on target 
contaminants. RO with a pore size between 0.00025 and 0.001um is being utilized to 
remove inorganic contaminants and anionic species. MF membranes with 0.1 to 0.2μm of 
pore sizes are used to remove particles, bacteria, and cyst in water while nano filters can 
treat particles in the range of 0.001 to 0.005μm, some dissolved organic compounds, 
bacteria, and cysts. Ultraviolet (UV) Light uses UV radiation to inactivate microbes at 
ranged from 200 to 300 nm of wavelength. Solid block activated carbon filters can 
effectively remove organic contaminants such as some insecticides, pesticides, and 
chlorinated solvents by adsorption onto the carbon surface. However, these filters 
typically won`t remove most heavy metals, viruses, small bacteria, arsenic, fluoride, iron, 
or nitrates. To overcome this problem, specialty chemical adsorbents have been 
developed and used to remove inorganic contaminants such as arsenic and fluoride. Its 
removal can be accomplished by using activated alumina or granular ferric hydroxide, 
and other specialty iron-based media(Silverstein, 2006). Consequently, developing 
multifunctional and selective adsorbents can achieve rapid kinetics, selectivity to target 
pollutants, high adsorption capacity, and minimal chemical addition(Zodrow et al., 2017).  
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2.5 Carbon Block Technology 
Carbon block, which was first introduced in the early 1970’s, is one of the most 
effective and widely used technologies in the POU drinking water treatment. It is mainly 
comprised of activated carbon granules and inorganic or organic binders that allows the 
carbon granules to hold together into a porous, ceramic-like module. Carbon block filters 
go beyond the aesthetic improvement of water by reducing particulates, cysts, lead, 
volatile organic chemicals (VOCs), and other contaminants(Campos and Büchler, 2005; 
CB tech, 2016a).  
Compared with GAC, the higher efficiency of carbon block containing a greater 
number of carbon particles and smaller diameter can allow carbon block to remove or 
reduce impurities with much shorter contact time and a large surface area for chemical or 
physical adsorption results in greater adsorption of many different contaminants (CB 
tech, 2016a). In addition, some carbon blocks will be fabricated to remove multiple 
chemical contaminants from the water by mixing other additives with activated carbon 
and binder prior to the manufacturing process of the carbon block, which can be a 
blending technology to remove the special contaminant. For example, a specially 
developed arsenic adsorptive media can be blended with carbon for modified carbon 
product(Lau et al., 2005). 
The manufacturing processes of carbon block consist of a decision of activated 
carbon and binder, selection of functional additives like metals or catalysts, mixing all 
materials in a mold and heating process, and performance evaluation of the final product. 
Carbon block is usually manufactured using one of two processes which are an extrusion 
or compression molding. Extruded carbon blocks are manufactured using a mixture of 
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carbon, binder and other media that is forced through a die to form a continuous block. 
The block is then trimmed to optimal size. On the other hand, compressed carbon blocks 
are fabricated individually in a mold under great pressure and high heat and then trimmed 
to the desired size. Compression molding can provide a final product with more 
consistent filtration properties due to use of less binder material and an easy application 
of heat and pressure. This method can prevent the binder from masking the carbon’s 
inherent porosity and it will result in superior performance and increased capacity when 
comparing the same sized blocks(CB tech, 2016a). 
The performance of carbon block filter can be evaluated by laboratory testing 
standards developed by National Sanitation Foundation (NSF) International and 
American National Standards Institute (ANSI). The standards are based on reducing 
contaminants to below the Maximum Contaminant Level (MCL) established by the U.S. 
Environmental Protection Agency (EPA). NSF standards for drinking water filters have 
evolved beyond simply measuring the level of the contaminant before and after filtration. 
Testing standards also dictate the sample water characteristics, such as pH, temperature, 
and levels of commonly occurring minerals like calcium and magnesium. The standards 
explain testing and sampling procedures as well. Carbon block filter systems should be 
evaluated under NSF/ANSI Standards 42 and 53. A Standard 42 is referenced for filters 
that remove aesthetic contaminants (e.g., chlorine, taste, and odor), and a Standard 53 is 
referenced for filters that reduce levels of contaminants with health concern (e.g., lead 
and arsenic) (CB tech, 2016a, 2016b; NSF International Standard, 2017).  
There are many kinds of POU devices, and many of them use carbon blocks as 
their treatment technology. Carbon blocks are used with (1) POU units designed for 
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under-sink and inline residential applications, (2) devices connected to ice-makers, water 
fountains, and hot-and-cold beverage equipment, (3) distillers, to remove the number of 
contaminants from tap water, (4) RO devices, to apply as pre- and post-filters, and (5) 
ultraviolet (UV) units, to reduce turbidity and make the UV treatment more efficient(Lau 
et al., 2005).  Table 2.2 shows the information of the several carbon blocks providing 
companies in US and South Korea(Altwell, 2016; Amway, 2016; Carbomax, 2017; CB 
tech, 2016c; OMNIPURE Filter, 2016; Water2Drink, 2017). They have their own unique 
carbon block technologies and the treated water volumes while target contaminants are 
almost the same. 
 
Table 2.2 Carbon block information for several companies in US and Korea 
Company Location Target contaminants characteristics 
Treated 
water 
Amway US 
chlorine taste, odor, 
particle 
140 health-effect 
contaminants 
Multi-stage CB 5000L 
OMNIPURE US 
Taste, odor. Cryst, Pb,  
scaling, etc  
Various products  
for each purpose 
~37000L 
Multipure US 
VOCs, particle, cryst, 
Giardia 
PCBs, heavy metals, etc 
Three Filters  
in One 
2270~4500L 
CBTECH US 
Chlorine, taste, VOCs,  
As, Pb, bacteria, etc  
Customized CB 
Nanomesh tech 
Not 
provided 
Altwell Korea 
Chlorine, taste, VOCs,  
As, Pb, etc  
Customized CB 
Functional CB 
900~15000L 
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* Carbon block information from each manufacturing company(Altwell, 2016; Amway, 
2016; Carbomax, 2017; CB tech, 2016c; OMNIPURE Filter, 2016; Water2Drink, 2017) 
There has not been much research published in the open literature on carbon block 
technology. Only several studies have been investigated(Campos, 2009; V Campos et al., 
2008; V. Campos et al., 2008; Campos and Buchler, 2008; Lau et al., 2005; Vandyke.K 
and Kuennen, 1985). In 1985, the commercial carbon block was tested for the removal of 
THM with the carbon block water treatment system. Its performance achieved more than 
98% of THM removal based on the rated filter life of 500 gals(Vandyke.K and Kuennen, 
1985). Campos et al had investigated the removal efficiency of As(III) and Cr(VI) with 
powdered block carbon associated with a powder carbon steel and block carbon modified 
by activated carbon. The steel impregnated block carbon had reached 81% of As(III) and 
84% of Cr(VI) of removal while activated carbon block got 33% of As(III) and 40% of 
Cr(VI). In addition, they found out the adsorption of As(III) and Cr(VI) was closely pH 
dependent, with higher removal efficiency of two contaminants at lower pH(V Campos et 
al., 2008; V. Campos et al., 2008; Campos and Buchler, 2008). In another study, three 
types of material were investigated and compared with the natural zeolite, synthetic 
goethite, and the powdered block carbon modified. The adsorption results showed that 
the modified powdered block carbon had more than 92% of removal for As(III) and 
Cr(VI) and its removal efficiency was better than other applied media in this 
study(Campos, 2009). There was a study to examine Cryptosporidium surrogate removal 
in carbon block filtration. Three different commercial carbon blocks were tested with tap 
water to figure out if these carbon blocks would pass NSF certification test regard to 
Cryptosporidium surrogate removal(Lau et al., 2005). 
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2.6 Nanotechnology to Remove Pollutants 
Nanotechnology is a technology to manipulate matter on an atomic, molecular, 
and supramolecular scale and the size of matter used in a nanotechnology which can be 
regarded as nanomaterial is at least one dimension ranged from 1 to 100 nanometers. 
Nanotechnology can provide the opportunity to decrease the size of treatment systems 
and improve its pollutant selectivity(Westerhoff et al., 2016). The application of highly 
advanced nanotechnology to current traditional process engineering offers new 
opportunities for development of advanced water and wastewater technology processes. 
Nanomaterials have unique size-dependent properties related to their high specific 
surface area which can lead to fast dissolution, high reactivity, and strong sorption. These 
specific characteristics allow the development of novel high-tech materials for more 
efficient water and wastewater treatment processes, such as adsorption materials, 
membranes, nano-catalysts, functionalized surfaces, and coatings. The overview of 
various types of nanomaterials applied to water technologies is summarized in Table 
2.3(Good et al., 2016).  
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Table 2.3 Overview of various types of nanomaterials applied to water technologies 
Nanomaterial Properties  Applications  
Nanoadsorbents 
 Pros) high specific surface 
higher adsorption rates  
 Cons) high production costs 
 Point-of-use, removal of  
organics, heavy metals, and 
bacteria 
Nanometals and  
nanometal oxides 
 Pros) short intraparticle diffusion distance   
         compressible, abrasion-resistant,  
magnetic, photocatalytic (TiO2)  
 Cons) less reusable 
 Removal of heavy metals (As) 
 media filters, slurry  reactors,  
powders, pellet 
Membranes and   
membrane 
processes 
 Pros) reliable, largely automated process  
 Cons) relative high energy demand 
 All fields of water & wastewater  
 treatment processes 
 
 
Nanoscale metal oxides are promising alternatives to activated carbons for the 
removal of heavy metals. These nanometals and nanometal oxides have a high specific 
surface area, a short intraparticle diffusion distance, and compressibility. For example, 
iron nanoparticles are abrasion-resistant adsorbent with a high specific surface area which 
can sorb arsenic from drinking water. One of the widely used nanotechnology-enabled 
methods is to embed nanoparticles into macroscale structures. This method would include 
the precipitation of nanomaterials in the pores of activated carbon, ion exchange, or other 
macroporous sorbents; attachment or agglomeration of nanomaterials into carbon block. 
Through these approaches, nanotechnology-enabled water treatment system can provide 
the opportunity for compact design and make multiple functionalities to be integrated into 
current systems(Westerhoff et al., 2016).  
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2.6.1 Arsenic Removal by NP 
Several As(V) treatment media have been developed according to basic design 
approach mentioned. First, many studies have been conducted for years impregnating 
nano-iron materials into GAC(Chang et al., 2010; Chen et al., 2007; Cooper et al., 2010b; 
Ghanizadeh et al., 2010; Hristovski et al., 2009b) and carbon fiber(Hristovski et al., 
2009a). The reason why iron is the mostly employed nanomaterial for arsenic adsorption 
process is because of a high affinity of arsenic with iron surfaces and low cost of iron 
(hydr)oxides(Elton et al., 2013; Westerhoff and Benn, 2008). Especially, when 
embedding nanomaterials into sorbents like activated carbons, ion exchange resins, and 
nanofiber, the most widely used media are activated carbons as the support media. 
Activated carbons contain nano-sized pores that lead to high surface areas where can be 
utilized as sites for the attachment of nanomaterial and they can remove a variety of 
contaminants like odor, taste, DBPs, and chlorine, etc. In addition, use of carbon 
nanoparticles can provide a huge amount of pores that allows pollutants to access and 
sorb on nanoparticle surfaces(Westerhoff et al., 2016; Westerhoff and Benn, 2008).  
Titanium dioxide which is regarded as another promising nanomaterial has given 
an opportunity as an alternative to metal (hydr)oxide media, however, its high cost of 
titanium required a development of inexpensive and easy fabrication method for titanium 
dioxide-based hybrid media. According to studies about arsenic adsorption by TiO2, TiO2 
had a high adsorption capacity for As(V) at low pH values and had a maximum 
adsorption capacity for As(III) at about pH 9(Pena et al., 2006). Nano-titanium has been 
embedded into granular activated carbon(Westerhoff et al., 2008) or titanium dioxide-
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based hybrid ion-exchange media to remove arsenic from water(Athanasaki et al., 2015; 
Elton et al., 2013).  
Hybrid ion exchange media were developed by precipitation of iron (hydr)oxide 
nanoparticles within pores of ion exchange resins for drinking water 
treatment(Westerhoff et al., 2016).  For example, hybrid ion-exchange media were 
modified by impregnating nanostructured iron (hydr)oxide into ion-exchange resin for 
simultaneous removal of arsenate and perchlorate(Hristovski et al., 2008c).  
There has been a constant need for the development of novel advanced water 
technologies to ensure a high quality of drinking water and eliminate emerging micro-
pollutants. Nano-enabled materials can offer the potential for novel water technologies 
that can be easily adapted to current treatment technologies. Nanomaterials also enable 
higher process efficiency due to their unique characteristics, such as high surface area or 
a high reaction rate. On the other hand, the release or emit of nanoparticles to the 
environment should be considered to minimize the health risk of the public.  
2.6.2 Synthesis methods of nanoparticles impregnated carbon 
Nano-enabled water treatment technologies are the promising methods to improve 
the efficiency to purify water in many areas. One of the nano-enabled water treatment 
technologies is to impregnate nanomaterials into the current carbon block technology for 
As(V) or/and Cr(VI). Before producing nano-enabled carbon blocks, it is very important 
to determine how to prepare nano-impregnated activated carbons in terms of nanoparticle 
release or contaminant removal performance aspect. Table 2.4 shows two methods used 
to incorporate nanomaterials into(onto) activated carbon; in-situ synthesis and ex-situ 
synthesis. 
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Table 2.4. Comparison of two synthesis methods to impregnate nanoparticles or 
nanomaterials into activated carbons for carbon block production 
 In-situ synthesis Ex-situ synthesis 
Concept 
Pre-preparing nano-impregnated 
activated carbons for carbon block  
manufacturing 
Impregnation of nanomaterials into 
activated carbon in the carbon block 
manufacturing process 
Pros/ 
Cons 
- Minimize nanoparticle release from 
synthesized activated carbons 
- Need new production line in a factory 
- Little innovation method because many 
works have been done 
- Easy to produce nano-enabled carbon 
blocks  
- Possible to utilize existing production 
lines in a factory 
- Little works have been accomplished 
 
In-situ synthesis is the method that the nanoparticles such as iron and titanium are 
impregnated into activated carbon before carbon block fabrication process. The 
synthesized activated carbons from in-situ synthesis method will be used as raw materials 
for carbon block producing. Ex-situ synthesis is the method to produce carbon block on 
the spot. It means nanomaterials can be embedded onto activated carbon during the 
carbon block manufacturing process. Compared two methods, in-situ synthesis method 
may not release nanoparticles from nano-enabled activated carbon at ambient pH, 
however, many works have been studied about in-situ impregnation method so this 
method can be regarded as little innovation. Metal nanoparticles such as iron or titanium 
have been widely applied as well as this method will require a new production line which 
can embed nanoparticles into activated carbons before carbon block manufacturing 
process. On the other hand, ex-situ synthesis is easy to make carbon block while it needs 
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to examine more fundamental approach because a little study has been conducted for this 
method. In addition, the electrostatic synthesis method could apply multiple types of 
nanoparticles to carbon block technology.   
The in-situ synthesis involves an impregnation of nano iron (hydr)oxides to 
granular activated carbon(Chang et al., 2010; Cooper et al., 2010a; Ghanizadeh et al., 
2010; Hristovski et al., 2009b, 2008b), activated carbon fiber(Hristovski et al., 2009a), 
and ion exchange resin(Hristovski et al., 2008c) or incorporating titanium in granular 
activated carbon(Westerhoff et al., 2008), ion exchange resin(Athanasaki et al., 2015; 
Elton et al., 2013), and chitosan beads(Miller and Zimmerman, 2010) for arsenic removal 
from water. However, little studies have been conducted about the performance of carbon 
blocks made from the synthesized media studied above.  
The ex-synthesis method involving electrostatic assembly method using 
electrostatic attraction forces of activated carbon and commercial nanomaterial which 
have different isoelectric points(IEP) was investigated to embed the nanomaterials onto 
the surface of activated carbon. It is based on the electrostatic attraction between 
oppositely charged species. There were several studies for nanoparticle assembly 
methods using electrostatic attraction force: TiO2 nanoparticles onto carbon spheres(Qian 
et al., 2012), silicon nanoparticles in graphene(Zhou et al., 2012), silver nanoshells on 
polystyrene spheres(Dong et al., 2002), and high-density silver nanoparticles on the 
surface of alginate microspheres(You et al., 2014). 
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2.7 Summary 
 Reviewing the knowledge from the literature review in regard to this research 
draws several gaps and research needs to be identified.  
 TAC system is commercially available, but there are few studies or open literature 
reviews about it. Even if free calcium reduction test at a temperature of 60~80C has been 
carried out, there has been little research for evaluation of SI reduction by TAC system at 
various SI conditions of test waters. From batch experiments using TAC media, the 
reduction of free calcium and pH change should be evaluated to understand TAC system. 
 Studies for reduction of THM formation in the distribution system by the removal 
of NOM using pre-chlorination prior GAC have been performed by many researchers. It 
is needed to investigate a reduction of THM formation potential in the distribution system 
by applying pre-chlorination prior to GAC, which can form THMs reacting chlorine with 
DOC and remove preformed THMs in GAC process. 
 Carbon block technology is one of commercially available POU systems widely 
applied in many industries and houses. However, information of contaminants removal 
efficiency for CB is presented only through the website from CB manufacturer and 
performance test method of carbon block filter is being provided by NSF and ANSI. 
Many systems incorporating nanotechnology have been under development, but there is 
no research on nano-enabled CB for removal of contaminants. The effect of NP on the 
adsorption capacity of As (V) depending on temperature is investigated since CB 
production process requires high heat. To overcome the present CB performance test 
method using a large amount of test water, it is needed to develop a mini CB apparatus 
for a complete simulation of a full-scale carbon block. The removal efficiency evaluation 
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of As(V) and NOM is required with fabricated carbon blocks prepared by in-situ 
synthesis and ex-situ synthesis.  
By improving the performance of POU system through nano-enabled water 
treatment technology and municipal activated carbon process combined with pre-
chlorination, it will be possible to develop more advanced techniques to provide safe and 
reliable water to the public. 
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CHAPTER 3 
EVALUUATION OF CALCIUM CARBONATE SATURATION INDEX REDUCTION 
BY TAC (TEMPLATE ASSISTED CRYSTALLIZATION) USING BATCH AND 
FLUIDIZED BED TESTS 
 
Research question: Can TAC(template assisted crystallization) system adjust the 
saturation index at various water conditions? 
 
3.1 INTRODUCTION 
Hardness is composed of multivalent cations of which calcium (Ca) and 
magnesium (Mg) are the most prevalent in natural waters. Consequently, the hardness of 
water can be represented as the sum of the calcium and magnesium concentrations which 
are the major divalent cations in most waters (Crittenden et al., 2012). Scale formation 
related to hardness in water systems has been known to cause several problems such as 
scaling on water related appliances and heat exchanges along with the clogging of pipes 
(Chao and Westerhoff, 2002; Panthi, 2003; Singer, 2005). There are many technologies 
to remove hardness and ion exchange is one of the most common methods for domestic 
and commercial applications. The use of brine solutions to regenerate ion exchange can 
add significant quantities of salt to sewers and impact the ability to reuse water for 
agriculture and other purposes (Chao and Westerhoff, 2002).  
 The calcium carbonate (CaCO3) saturation index (SI) is widely used to assess the 
scale forming and scale-dissolving potential of water. Evaluating these tendencies is a 
good approach to control corrosion and prevent CaCO3 scaling in pipes and 
  50 
equipment(Merrill, 1990). To evaluate saturation indices of CaCO3 in water, the 
solubility product and its relationship to alkalinity and pH must be understood(Singer, 
2005). CaCO3 will start precipitating once the product of the activities of calcium and 
carbonate ions become greater than the calcite solubility product constant. In other words, 
when the saturation index (SI) value becomes greater than 0, the solution becomes 
supersaturated. If the SI < 0, under-saturated water condition are present and an SI = 0 
represents a water in equilibrium with CaCO3 (Chao and Westerhoff, 2002; Harald Kalka, 
2018; Merrill, 1990). 
Nucleation is the first step in the crystallization of CaCO3 which could be 
regarded as the transition between dissolved calcium and carbonate ions in over-saturated 
solutions into a solid phase. A change in the pH could also affect the nucleation process 
by altering the carbonate/bicarbonate composition(Gómez-Morales et al., 1996; Singer, 
2005). Many studies in batch systems have contributed to understanding the mechanism 
of calcium carbonate formation in supersaturated aqueous solutions(Dalas and 
Koutsoukos, 1990). To understand the stages of nucleation and growth, the Lamer 
diagram in Figure 2.1 illustrates the most commonly used nucleation theories showing the 
formation stages as a function of concentration and time(Mehranpour et al., 2012). 
Gebauer et al. suggested that CaCO3 nucleation could be unique and nucleation could 
occur at very undersaturated conditions (Gebauer et al., 2008). One possible hypothesis 
for the observations of Gebauer was a reduction in the energy barrier normally associated 
with nucleation. The addition of seed crystals such as CaSO4 and CaCO3 prior to a scale-
forming environment to prevent scale formation has been demonstrated for a variety of 
systems (Al-ghamdi, 2013; Bond et al., 2005; Pfefferkorn, 1976). By seeding crystals in 
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solution, the crystals represent the lowest energy surface for crystallization in a scale-
forming environment and homogeneous crystallization occurs on the seeded crystals 
which limits scale formation on other surfaces. 
Template assisted crystallization (TAC) is a physical water treatment technology 
that can prevent scale formation by using the scale forming potential of the water to 
produce CaCO3 crystals prior to a scale-forming environment analogous to the addition 
of seed crystals. In the scale-forming environment, the lowest energy surface for scale 
formation is seed crystals which will grow homogenously in suspension and prevent 
nucleation and scale formation on surfaces. Although TAC media is available 
commercially, very little research has been done and the information is limited to that 
provided by manufacturers. The mechanism of TAC for scale prevention involves the use 
of a surface template which contains nucleation sites that can convert the dissolved 
hardness including Ca
2+
 and HCO3
-
 into microscopic crystals, and secondly, the grown 
crystals on nucleation sites are released into the water. The polymeric TAC beads are 
fluidized during operation creating agitation that aids in the release of crystals from the 
nucleation sites and allow for nucleation to continue without the addition of 
chemicals(INC, 2005; Vastyan, 2010). Research by Fox et.al (2011) compared and 
evaluated scale prevention using three technologies at 80
o
C and 60
o
C using a modified 
German standard DVGW-W512(Inc, 1996; Yeggy, 2012) testing methodology. The three 
technologies included template assisted crystallization (TAC), electrically induced 
precipitation (EIP), and electromagnetic technology (MAG). The results of the study 
found that TAC reduced scale formation by greater than 90% while the other 
Technologies reduced scale formation by approximately 50% (Fox et al., 2011). 
  52 
The main objective of this research is to evaluate the effect of Template Assisted 
Crystallization (TAC) on the saturation index (SI) of CaCO3. One hypothesis was that 
waters with higher SI values will have higher SI reduction with TAC system since a 
higher loading of Ca
2+
 and HCO3
-
 results in greater scaling potential. Initially, the 
efficiency of TAC media for SI reduction was investigated through batch testing in the 
presence of TAC media. Next, the SI reduction with various initial SI values was 
evaluated by conducting a continuous flow test with a column of fluidized TAC media. 
The reduction in free Ca
2+
 ion concentration was used to assess performance using a 
calcium ion selective electrode. 
 
3.2 MATERIALS AND METHODS 
3.2.1 Test waters and media 
Synthetic test water with different SI values was used for the majority of batch 
and fluidized bed tests completed in this research. To prepare the synthetic water with 
free calcium (Ca
2+
) and bicarbonate (HCO3
-
), calcium chloride (CaCl2) and sodium 
bicarbonate (NaHCO3) were added to deionized water. Before a preparation of the 
synthetic water, deionized water was allowed to equilibrate with atmospheric CO2 
overnight in the lab to prevent a pH change from shifting carbon dioxide during tests. In 
addition, to avoid the formation of CaCO3 in a 50L of the container, each calcium and 
bicarbonate solution was prepared in different beaker and the prepared solutions were 
sequentially placed in 50L of deionized water, respectively. Finally, the TAC media used 
in this study were obtained from Nextfiltration, Fl, USA. 
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3.2.2 Batch test methods 
Two types of titration batch test methods were used in this study shown in Figure 
3.1-(a). One test method titrated with calcium ions and the other method added TAC 
beads over time to a prepared solution.  
The first titration method was used to understand the nucleation process of 
calcium carbonate at different pHs. This nucleation test was performed using a 50ml 
beaker to see if nucleation of CaCO3 happened under the calcium carbonate over-
saturation state (SI >>0). A 10ul of 40mM calcium chloride was added over time to a 
beaker containing 25ml of 10mM bicarbonate solution with different pH conditions of 9, 
10, and 11. Free calcium ion and pH were measured using a pH probe and a calcium ion 
selective electrode (ISE) in real time. The second titration test was used to evaluate free 
calcium ion and SI reduction in the presence of TAC media. Test water was prepared by 
adding 10g of TAC beads in a beaker with 50ml of 1.5mM or 3mM bicarbonate solution, 
and then 1mL of 40mM calcium chloride solution was added every 5 minutes during 
60minutes. To evaluate SI values, the pH and free calcium ion were analyzed with each 
electrode after a calcium chloride addition while total calcium concentration and 
alkalinity were measured with the sample after test completion. 
The last titration test was performed by evaluating the change in pH and free 
calcium ion concentration after adding TAC beads in the test solution with 1mM Ca
2+
 
and HCO3
-
 or 2mM Ca
2+
 and HCO3
-
 and agitating slowly. 
3.2.3 Fluidized bed test method  
The extent of SI reduction by TAC was investigated through fluidized bed testing 
at various SI conditions. The test waters with different SI values (0~1.3) were prepared 
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by adding different concentration of calcium chloride and sodium bicarbonate solutions. 
As shown in Figure 3.1-(b), a 2.5cm glass i.d. column was packed with 33ml of TAC 
beads and the column was operated in an up-flow mode to fluidize the media. Initially, 
the flow rate of this system was set at 300ml/min to achieve 75% expansion of the TAC 
media which is typically recommended by manufacturers. Other experiments included 
different volumes of TAC media and the flow rates were changed to investigate the effect 
of contact time and bed expansion on free calcium and SI reduction. Each fluidized bed 
test lasted approximately 100 minutes, with influent and effluent waters being collected 
every ten minutes. The free calcium ion concentration, pH, and temperature were 
analyzed immediately after sample collection, and the concentration of total calcium and 
alkalinity were also analyzed after completion of the fluidized bed tests. 
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 (a) Batch test method 
 
 
(b) Column test (up-flow mode) 
Figure 3.1. The configurations of each test method  
 
  
Effluent  
  
TAC Beads 
Influent Tank  
Pump 
Ca+HCO3 
In DI water 
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3.2.4 Analytical methods 
A pH meter (HI 2209, HANA Instrument) with a calcium ion selective electrode 
(Cole Parmer Instrument Company) was used to analyze free calcium ion concentrations. 
The meter was used to measure mV (mili-volts) so that the calcium ion concentration 
could be calculated in mg/L calibration. A calibration curve using 10ppm, 100ppm, and 
1000ppm calcium standard solutions was prepared prior to every test (Cole Parmer Inc, 
2015). 50ml samples or standard solutions were placed in a 100ml of beaker and 1ml of 
4M KCl (ISA: ionic strength adjuster) was added to boost the signal of free calcium ion. 
The pH and temperature were measured with a pH probe (Thermo Fisher 
Scientific) and pH meter (sension, Hach). The alkalinity was analyzed by a titration 
method following standard methods 2320B(Apha et al., 2000). The total calcium was 
measured using the EDTA method with digital titrator and Hach Reagent Pillows (Hach 
Co., Loveland, CO, USA).      
3.2.5 SI calculation method 
TAC system efficiency can be evaluated by assessing the change in SI value 
before and after treatment with TAC media. To get the SI value of TAC treated water, an 
adjusted SI value was applied considering the change in free calcium ion concentration 
and assuming alkalinity reduction associated with the carbonate that reacts with free 
calcium to form suspended CaCO3. This is necessary since alkalinity measurement by 
titration will measure the alkalinity associated with any suspended CaCO3 formed during 
TAC treatment. The hypothesis is a 1mol free Ca
2+
 ion reduction in TAC treated water 
would correspond to 1mol of HCO3
- 
 that is in suspended CaCO3 (EQN 3.1). Carbonate 
concentrations were calculated from the Ka2 (equilibrium constant) and the adjusted 
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bicarbonate concentration and the pH measurement from the test (EQN 3.2). Finally, the 
SI value was obtained by dividing the product of calcium and carbonate molar 
concentrations by the Ksp (solubility product constant) of calcium carbonate (EQN 3.3) 
(Panthi, 2003).   
1) Adjusted HCO3
-
 concentration  
Ca
2+
 + HCO3
-
 ↔ CaCO3 + H
+
                    -                       (EQN 3.1) 
              2) CO3
2- 
concentration  
HCO3
-
 ↔ H+ + CO3
2-
       Ka2 = 10
-10.3
 
                                       
     
           
  
     
                               -                       (EQN 3.2) 
                                     Ka2 : equilibrium constant 
                                     H
+
, HCO3
-
, and CO3
2-
 : concentration (mol/L)  
              3) SI calculation  
         
          
   
     
 ,   Ksp = 10
-8.3
          -                       (EQN 3.3)                                       
Ksp : Solubility product constant 
                                  Ca
2+
, and CO3
2-
 : concentration (mol/L) 
 
3.3. RESULTS AND DISCUSSION 
3.3.1 Calcium ISE (ion selective electrode) performance test 
The performance of the calcium ISE was evaluated to get a reliable value since 
the free calcium ion concentration is one of the most important parameters to calculate 
the SI value after TAC treatment. The response of calcium ISE was tested using different 
calcium concentrations prepared from a 1000ppm calcium standard solution. According 
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to the manual provided by Cole-Parmer, the adequate pH range of calcium ISE was 
ranged from 3 to 10, ISA (Ionic Strength Adjuster) could be used to boost the signal of 
calcium for every test sample, and the recommended slope range should be 27± 
2mV(Cole Parmer Inc, 2015). As can be shown in Figure 3.2, from 10 to 1,000ppm of 
calcium concentration ranges had a slope of 27.9mV which was within the recommended 
range. As a result, the ISE used in this research was appropriate for the analysis of free 
calcium ion concentrations, considering the calcium concentration applied in this research 
ranged from 10~200mg Ca/L. In addition, it was found out that the addition of ISA was 
very important to get a stable result for free calcium concentration measurement. 
 
 
Figure 3.2. The slopes, intercepts, and regressions of the potential for calcium ion 
electrode from the calibration test 
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3.3.2 Heterogeneous nucleation batch tests with TAC media 
TAC media can change free calcium ions and carbonate in water into microscopic 
crystals of calcium carbonate. Heterogeneous nucleation can be described as precipitation 
on the surface of a nucleating agent(Singer, 2005). The free calcium ion(SI) reduction 
batch tests were performed using TAC beads to determine if TAC media could work for 
free calcium ion reduction. 
The first batch tests were investigated by adding 1mL of a 40mM calcium 
solution into a 1.5mM or 3mM bicarbonate solution over time to compare how much SI 
values were reduced in the absence or presence of TAC media. The results shown in 
Figure 3.3-(a) demonstrates there was no significant reduction in SI values when the 
calcium ions were kept added to a 1.5mM bicarbonate solution without TAC media. 
When the SI was calculated in this test, the SI at the end of the test was around 0.33 and 
SI value reached equilibrium with CaCO3 at 30 minutes. In Figure 3.3-(b), the SI change 
with test water mixed with 10g of TAC beads and 3mM of bicarbonate buffer solution 
titrated with calcium solution. Compared with the experimental results done without TAC 
media, the presence of TAC media achieved a much more significant SI reduction which 
corresponded to a greater decrease in free calcium ion concentration. After an addition of 
TAC beads to the bicarbonate buffer solution, the pH dropped from 8.0 to 6.7. As a result, 
the SI was less than zero based on measurement before and after calcium addition. The 
pH drop in this test indicates that free calcium ion reduction occurred in a closed system 
and as bicarbonate is converted to carbonate and it results in the release of [H
+
] while free 
calcium reacted with carbonate on the TAC media to form CaCO3. If it were a continuous 
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flow system, the pH drop would happen only at the beginning of the test because it could 
reach steady state over time. 
An additional test was performed to investigate free calcium ion decrease and SI 
reduction after adding TAC beads in test water with different calcium and bicarbonate 
concentrations. 10g of TAC beads were added to a mixed solution prepared with 1mM of 
calcium and bicarbonate and 2mM of calcium and bicarbonate, respectively, and then 
free calcium ion concentration and pH were measured over time. In Figure 3.4 it can be 
seen that SI reduction happened slowly after TAC media addition. When the TAC beads 
were added to the test water with 1mM of calcium and bicarbonate, the SI reduction was 
larger than that observed when TAC media was added to the solution with 2mM of 
calcium and bicarbonate. The SI value also became negative because there was an 
immediate pH drop after an addition of TAC media. It indicates that there might be mass 
transfer limitation to form and release CaCO3 on the nucleation sites of TAC media and 
more TAC media and/or the method to increase kinetic are required to better SI reduction 
at high SI condition. When free calcium concentration, total calcium concentration, and 
alkalinity were measured before and after the test, as shown in Table 3.1, the free and 
total calcium reduction with 1mM of calcium and bicarbonate concentration was higher 
than that at 2mM. It could be explained that free calcium formed CaCO3 clusters at the 
template sites on the surface of TAC media, the enlarged CaCO3 particles were detached 
from the templates. Then the precipitation of CaCO3 particles happened in the beaker. 
From these batch tests, the pH and alkalinity are also very important for SI reduction, 
which means a stable pH in water was needed during the tests.  
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(a) Absence of TAC beads over time (Test water: 1.5mM of HCO3
-
 solution) 
 
(b) Presence of TAC beads over time (Test water: 3.0mM of HCO3
-
 solution) 
Figure 3.3. A change of SI value as an addition of 40mM of calcium solution at absence 
or presence of 10g of TAC beads over time 
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Figure 3.4. A comparison of the change in SI value over time after 10g of TAC beads 
addition to test water with different calcium and HCO3
-
 concentrations 
 
Table 3.1. The initial and final concentrations of free calcium, total calcium, and 
alkalinity and SI value after an addition of 10g of TAC beads to test waters with different 
calcium and HCO3
-
 concentrations 
  
1mM of CaCl2 & HCO3
-
 2mM of CaCl2 & HCO3
-
 
SI 
Free 
Ca 
(mM) 
Total 
Ca 
(mM) 
Alkalinity 
(mM) 
SI 
Free 
Ca 
(mM) 
Total 
Ca 
(mM) 
Alkalinity 
(mM) 
Initial 0.06 0.95 0.92 1.05 0.66 1.99 1.96 2.05 
Final -2.27 0.38 0.22 0.29 -1.2 1.4 0.66 0.19 
  
R² = 0.9963 
R² = 0.9988 
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3.3.3 Fluidized bed test for SI reduction  
Theoretically, the SI can be reduced in a TAC treatment system by reducing the 
free calcium ion concentration and the carbonate concentration. The calcium and 
carbonate ions can form CaCO3 crystals on the templates of TAC beads, as microscopic 
CaCO3 crystals are released from the template, new CaCO3 crystals can form as the 
influent supplies more calcium and carbonate. Since the total calcium concentration 
should not change during the fluidized bed test, the difference between total calcium 
concentration and free calcium concentration will correspond to the formation of CaCO3 
crystals in a TAC treatment system. However, the results of batch tests showed that there 
were not enough calcium and bicarbonate ions to form CaCO3 crystals at the surfaces of 
TAC template since it was done with the limited pH and bicarbonate ions in a closed 
environment like a small beaker. On the other hand, the fluidized bed test can achieve a 
continuous loading of calcium and bicarbonate into a TAC treatment system since the 
fluidized bed test would provide enough pH and bicarbonate ions continuously through 
the influent water, it can lead to start growing calcium carbonate nano-crystals, and then 
continue a constant production of them.  
The fluidized bed tests TAC media were performed to examine SI reduction 
efficiency with different initial SI values. As hard waters have a positive SI which 
indicates waters were oversaturated, TAC technology could adjust SI values to around 
zero by reducing free calcium ion concentrations. A test water with an SI of 0 which is at 
equilibrium was initially evaluated. In Figure 3.5-(a) it can be seen that there was no 
reduction in free calcium ion concentration and no corresponding change in SI because 
the SI of test water was already in equilibrium. For the next experiment, the SI of test 
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water was increased to 0.2. When the SI of the test water was 0.2, as shown in Figure 3.5-
(b), the TAC system achieved a free calcium ion reduction of around 0.1 ~0.2mM as 
compared to the total calcium concentration and the pH was also decreased slightly. 
Thus, the SI value of TAC treated water was adjusted to near zero which could prevent 
scaling in a downstream scaling environment. The significant thing from this result was 
that the free calcium ion concentration is almost 0.2mM less than the total calcium 
concentration added in the influent water. It could explain that there would be the 
formation of nano-crystals of CaCO3 corresponding to the reduction in free calcium ion 
concentration. An increase in the SI value from 0.3 was done and as shown in Figure 3.5-
(c) a free calcium ion reduction and small pH drop were observed. The free calcium ion 
reduction was about 0.2~0.4mM and the adjusted SI value was around 0~0.08 after 
20min of test time. On the other hand, the total calcium concentration and alkalinity did 
not change during a test as (Fox et al., 2011) have suggested in their research. This 
phenomenon could be explained because a TAC system would reach steady-state quickly, 
where the mass rate of CaCO3 leaving the TAC media should be equal to the mass rate of 
production of CaCO3 on the TAC media resulting in stable total calcium and alkalinity in 
solution. 
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(a) Synthetic water with 0.9mM of calcium, 0.9mM of alkalinity, and 8.1 of pH (SI = 0) 
 
(b) Synthetic water with 1.2mM of calcium, 1.3mM of alkalinity, and 8.0 of pH (SI = 0.2) 
 
(c) Synthetic water with 1.1mM of calcium, 1.4mM of alkalinity, and 8.1 of pH (SI = 0.3) 
Figure 3.5. Free and total calcium concentration and SI change over time at different SI 
condition of test water in TAC column tests.   
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Additional fluidized bed tests were performed at SI values of 0.7, 0.9, 0.95, 1.0, 
1.2 and 1.3 to evaluate if the SI of TAC treated water could be adjusted to zero at the 
higher SI conditions. Table 3.2 summarizes the result of fluidized bed tests at various SI 
conditions. When the SI value of influent water was 0.7, there were only 0.00~0.17mM 
of free calcium ion reduction and a little pH drop while total calcium concentration (mM) 
and alkalinity (mM) had not been changed for the influent water and effluent water. If a 
TAC system would work properly to reduce free calcium ion as TAC system showed in 
lower SI conditions, it was expected that the adjusted SI value of TAC treated water 
would go to almost zero. However, the result at 0.7 of SI condition showed that the SI of 
effluent water was around 0.54~0.64 which wasn`t close to zero. At a 0.9 of SI condition, 
free calcium ion concentration was reduced sometimes during the sampling periods but it 
was not big enough (0.00~0.43mM) to achieve zero of SI condition for TAC treated 
water. The pH was dropped slightly and SI was adjusted at 0.65~0.90, and the total 
calcium concentration and alkalinity of influent and effluent water did not change. Even 
though the higher SI conditions with up to 1.3 than the previous tests were applied to 
TAC fluidized bed test, as can be seen in Table 3.2, free calcium ion reduction of treated 
water was investigated and it resulted in a small drop of SI value. From the fluidized bed 
test done at various SI conditions, the results explained that TAC media could work to 
adjust SI value to around 0~0.1 at the lower SI conditions such as SI = 0~0.3. On the 
contrary, at the higher SI conditions ranged from 0.7 to 1.3, the SI adjustment close to 
zero did not occur in TAC fluidized bed tests. This could be due to mass transfer 
limitations that limit the rate at which the TAC media can make and release CaCO3 
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crystals. In order to make the adjusted SI value close to zero even in the high SI 
conditions, several methods were evaluated to enhance the efficiency of the TAC system. 
 
Table 3.2. Summary of fluidized bed test results at high SI conditions of test water 
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3.3.4 Applications of various methods to enhance SI adjustment efficiency 
Various methods were considered to improve SI reduction efficiency of TAC 
media under higher SI conditions. Increasing the contact time between TAC beads and 
target water and increasing friction among TAC beads to allow CaCO3 on the template 
sites of TAC bead to fall off well through an increase in fluidized-bed expansion rate 
were considered.  
Table 3.3 summarizes TAC test result using various methods to enhance SI 
adjustment efficiency. The first method tested was an application of longer contact time 
between TAC beads, calcium, and carbonate ions. There might be a problem with a short 
contact time of 7.5 seconds even though it is beyond 5 seconds as recommended by the 
TAC media manufacturer. Based on above hypothesis, the height of TAC media packed 
in the column was changed from 6.7cm to 15cm to increase the contact time from 7.5 
seconds to 16 seconds. However, the expansion rate was about 43% under the changed 
condition, which did not satisfy more than 75% as suggested by the manufacturer. The 
result done at an SI value of 0.7 showed that free calcium ion reduction (0.00~0.17mM) 
and SI adjustment (0.5~0.7) were not significantly different than previous tests. It was 
investigated that the contact time did not give a strong effect on the reduction of free 
calcium ions and SI values in TAC system. 
 The production of CaCO3 on the template is called as a nucleation, not a 
precipitation. Considering the results so far, TAC beads could reduce some amount of 
free calcium ions even if it was not enough to adjust an SI value to around zero, however, 
it was assumed that there might be a problem of CaCO3 release from templates of TAC 
bead for some reasons. To prove this hypothesis, an increase of media expansion rate in 
  69 
the fluidized bed test was considered and applied. The test was completed after increasing 
the TAC media expansion rate up to 640% by reducing media height to 5cm and raising 
the inflow rate to 660ml/min. Under 0.86~1.0 of SI condition, the result from Table 3.3 
shows that an increase in expansion rate from 75% to 640% led to stable free calcium ion 
reduction of 0.18~0.34mM throughout the entire experimental period. This was an 
improvement as compared to previous tests and demonstrated that increased mixing could 
be critical with higher SI values. These results could indicate that the expansion rate is 
one of the important parameters for the SI reduction efficiency TAC system. However, a 
640% expansion rate seems to be unrealistic for practical applications. 
   
Table 3.3. Summary of TAC test result using various methods to enhance SI adjustment efficiency 
cc condition 
Test water (influent)  TAC treated water (effluent) 
SI pH 
Free Ca  
ion 
(mM) 
Total Ca 
(mM) 
HCO3
-
  
(mM) 
Adjusted  
SI 
pH 
Free Ca ion  
reduction 
(mM) 
Total Ca 
(mM) 
HCO3
-
 (mM) 
Increase of contact 
time 
7.5→16s 0.70 8.24~8.40 1.77~1.93 1.92~1.93 2.02 0.54~0.75 8.09~8.20 0.00~0.28 1.90~1.93 1.97~2.11 
7.5→19s 1.06 8.43~8.46 1.85~2.03 1.98 0.97 1.02~1.06 8.45~8.46 0.00 1.98~2.04 1.97~2.06 
Expansion rate 75→640%  0.86~1.01 8.25~8.40 2.03 2.02 1.97 0.66~0.90 8.21~8.37 0.18~0.34 1.98~2.02 1.97~2.06 
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3.4 Summary and conclusion 
   This research observed the following trends. 
  The performance test result of calcium ISE (ion selective electrode) showed a good 
slope (27.9 mV) and there was no problem to analyze free calcium ion concentration 
with it. 
  For the free calcium ion or SI reduction of batch tests in the absence or presence of 
TAC media, there was a little free calcium ion reduction in the absence of TAC 
beads while an addition of TAC media led to significant free calcium ion reduction 
and its reduction also resulted in SI reduction of the test water. 
  The results of fluidized bed tests showed that TAC media would adjust the SI value 
of TAC treated water to zero when SI value of influent water was at lower values 
(0.08~0.3), however, the reduction in SI with higher SI values (0.7~1.3) was similar 
to the reduction at lower SI values which could be due to limitations in kinetics 
and/or mass transfer with the template on the TAC media. 
  Several modified methods were evaluated and only an extreme increase in bed 
fluidization from 75% to 600% demonstrated an improvement in performance 
which would be consistent with a mass transfer limitation.  
  A decrease in SI is a positive result for TAC media and the presence of suspended 
of CaCO3 crystals can help prevent scale in a downstream scale forming 
environment. 
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CHAPTER 4 
PRE-CHLORINATION PRIOR TO GAC PROCESS REDUCES THM IN FINISHED 
DRINKING WATER 
 
Research question: Can pre-chlorination prior to GAC process reduce the THM formation 
in the distribution system for various water sources? 
 
4.1 INTRODUCTION 
 Granular activated carbon (GAC) is an effective adsorbent used widely to remove 
natural organic matter (NOM), taste and odor compounds, and micro-pollutants from 
drinking water(Matilainen et al., 2006; Quinlivan et al., 2005). NOM is very important in 
a water treatment process because of its role as a precursor to the formation of 
chlorination by-products(Matilainen et al., 2006). Disinfection By-Products (DBP) 
precursors are ubiquitous in all surface water supplies existing as natural organic matter, 
and these precursors can be characterized by the following measurements of dissolved 
organic carbon (DOC), ultraviolet absorbance at 254 nm (UV254), specific ultraviolet 
absorbance (SUVA), and disinfection by-products formation potential (DBPFP)(Uyak et 
al., 2007). Bromide (Br
–
) is also a DBP precursor and impacts DBP speciation in finished 
water(Chiu et al., 2012).  
 The Stage 1 DBP rule regulated the sum of four Trihalomethanes (THMs) and 
five Halo acetic acids (HAA5) at 80 μg/L and 60 μg/L, respectively, based on the running 
annual average (RAA) of all samples from all monitoring locations across the water 
distribution system(US EPA, 1998). The Stage 2 D/DBP Rule(2006) did not change these 
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MCLs but the compliance points changed and the locational running annual average 
(LRAA) was enforced at each location.(US EPA, 2006a). To comply with DBP 
regulations, water utilities commonly consider enhanced coagulation, the use of granular 
activated carbon, membranes for precursor removal and/or a chloramination as an 
alternative to chlorination to control DBPs in the finished water(Richardson, 2003; Wang 
et al., 2014).  
 Several studies investigated the application of various oxidants (ozone, chlorine 
dioxide, chlorine) to GAC process in drinking water treatment. The oxidation of humic 
material achieved better NOM removal and GAC performance (Matilainen et al., 2006; 
Reed, 1983; W. Guirguis, T. Cooper, 1978). However, chlorine reacts with natural 
organic matter and forms THM and HAA5(Badawy et al., 2012). Pre-chlorination can 
also cleave electron rich bonds in NOM and shift the molecular weight (MW) distribution 
toward smaller molecules.  
 I hypothesized that pre-chlorination reacts with THM precursor materials and 
forms THMs, wherein the lower MW of NOM and low MW of pre-formed THMs are 
adsorbed onto GAC media. Water leaving the GAC media will have lower TCO 
concentration, and yield fewer THMs in water distribution systems. Consequently, pre-
chlorination should lengthen GAC media life, resulting in less frequent regeneration and 
replacement of GAC media. 
 The goal of this research was to evaluate the effect of pre-chlorination at four 
water sources in Arizona on the removal of pre-formed THMs at GAC media and 
reduction of THM formation in the distribution system. One water was coagulated with 
Alum to investigate its effect on NOM removal and THM formation in the distribution 
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system. Only THMs are considered in this study because in these four waters THMs, 
rather than HAA, control compliance with Stage 2 D/DBP Rule. First, the change of 
NOM (DOC, UVA254, SUVA, MW) and THM formation was investigated after pre-
chlorination. Second, the breakthrough of NOM and pre-formed THM through GAC 
packed bed operation was investigated with versus without pre-chlorination. Third, THM 
formation potential in distribution system was anticipated by applying the SDS test. 
Rapid Small Scale Column Tests (RSSCTs) and simulated distribution system (SDS) test 
were conducted with different water sources. During these tests, molecular weight 
distribution (MWD) analysis using size exclusion chromatography (SEC) was performed 
to quantify changes in the MW profiles for the different water sources. 
 
4.2. METHODS AND MATERIALS 
4.2.1 Test water sources  
 Water was collected from Colorado River Water (CRW) at the Central Arizona 
Project canal, Saguaro Lake (SRL) on Salt River and Cragin Reservoir water (RES 1) in 
Arizona. Table 4.1 summarizes acronyms, experiment set up methods, and the water 
quality of all water sources tested in this study. Waters were passed through a 1um in-line 
filter (WOMA) and stored in 55gallons of drums. Water from Cragin Reservoir, which 
will be used as a future surface water supply for Payson, AZ, was collected twice because 
more running RSSCTs were required to investigate an application of coagulation process. 
The second Cragin Reservoir (RES 2) sample was coagulated with a liquid alum to 
prepare Coagulated Cragin Reservoir (Coag-RES 2) water. Jar tests were performed with 
a six-paddle gang stirrer (Phipps and Bird PB-900) with 2L of rectangular vessels to 
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decide the optimal alum dosage. The Coag-RES 2 was finally prepared in 55gallons of 
the drum through rapid and slow mixing using a mixer, one hour of settling, and filtration 
with a 1um in-line filter after adding 100mg/L of alum.  
 In selected waters, bromide was spiked at 0.1~0.2mg/L into the test water sources 
using sodium bromide (NaBr). Pre-chlorination, prior to GAC RSSCTs, involved adding 
sodium hypochlorite solution (NaOCl, laboratory grade: 5.65~6%) into test water 
sources. First, a chlorine demand test was conducted where different chlorine doses were 
added into 250ml amber bottles containing 200ml of water and then free chlorine 
concentration was measured over different hold time of 0.5, 1, 2, 3, and 4 hours. The 
targeted chlorine dose applied was determined when 0.1~0.3ppm of residual chlorine was 
detected after a contact time of 4 hours that is the similar residence time before GAC in 
water treatment plant. 
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Table 4.1. Summary of acronym, test preparation method, RSSCTs set up, and water 
qualities for water resources  
Water  
sources 
Acronym  
Test water 
preparation 
RSSCTs 
Set up 
DOC 
(mg/L) 
UV254 
(abs/cm) 
pH 
Colorado  
River water 
CRW Filtered 
 Virgin GAC+No Cl2 
 Regen GAC+No Cl2 
 Virgin GAC+Cl2 1ppm 
 Regen GAC+Cl2 1ppm 
 Virgin GAC+Cl2 1ppm 
 +Br 0.1ppm 
3.9 0.053 8.10 
Saguaro 
Lake on 
Salt River 
SRL Filtered 
 Virgin GAC+No Cl2 
 Virgin GAC+Cl2 1ppm 
 Virgin GAC+Cl2 2ppm 
 Virgin GAC+Cl2 2ppm 
 +Br 0.2ppm 
3.7 0.064 8.12 
Cragin 
Reservoir 
RES 1 Filtered 
 Virgin GAC+No Cl2 
 Virgin GAC+Cl2 1ppm 
 Virgin GAC+Cl2 2ppm 
 Virgin GAC+Cl2 2ppm 
 +Br 0.2ppm 
6.5 0.286 8.67 
Recollected 
Cragin 
Reservoir 
RES 2 Filtered 
 Virgin GAC+No Cl2 
 Virgin GAC+Cl2 4ppm 
7.4 0.237 8.92 
Coagulated  
Cragin 
Reservoir 
Coag-
RES 2 
Coagulated 
/ filtered 
 Virgin GAC+No Cl2 
 Virgin GAC+Cl2 2ppm 
3.8 0.064 6.7 
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4.2.2 Rapid Small Scale Column Tests 
 RSSCTs were conducted to investigate the efficiency of GAC process. Calgon F-
400, virgin bituminous coal-based GAC, was used. Additionally, regenerated F-400 from 
a Chaparral water treatment plant in Arizona was used. GAC was crushed using pestle 
and mortar and then washed with deionized water to remove fines prior to wet sieving. A 
140 and 170 U.S. Standard mesh (105~88um) was used to obtain the average particle 
radius at 49um. RSSCTs were performed in a 0.5cm of internal diameter column. Figure 
4.1 shows the configuration of RSSCTs. Columns were packed using glass wool followed 
by the GAC media. Piston pumps (FMI, QG50) were used to deliver feed water from a 
container to the GAC columns and effluent water from each column was collected over 
bed volumes (BVs) to evaluate GAC process. The effluent water was also stored in 20L 
of the container for the following SDS test. The proportional diffusivity RSSCT scaling 
equations were developed by Crittenden et al(Crittenden et al., 1991, 1987; John C. 
Crittenden, 1986). The design and operating parameters and scaling equations used in this 
study were shown in Table 4.2. 
 
 
Figure 4.1. Configuration of RSSCTs set up 
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Table 4.2. Design and operating parameters and scaling equations for a pilot-scale 
contactor and RSSCT 
Design Parameters 
Simulated  
Pilot Scale 
RSSCT 
(PD) 
Scaling equations 
Particle radius (cm) 0.08025 0.0049 
      
      
   
     
     
    
   
   
 
 
   
   
   
     
     
   
 
   
   
   
     
     
    
        
        
 
 
    
       
 
 
 
    
 
     
 
 
Column diameter (cm) 826.85 0.5 
EBCT (min) 16.80 1.03 
Loading rate (m/h) 8.79 9.18 
loading rate (cm/min) 14.65 15.31 
BV to be processed 10000 10000 
Re*Sc 15675.3 1000.0 
Flow rate (mL/min) 7.9E+06 3.01 
Volume of media (ml) 1.3E+08 3.1 
Length of column 
(cm) 
121.92 15.7 
Water required (L) 1.3E+09 30.8 
Duration of test (days) 116.7 7.1 
D—effective surface diffusivity, DL—liquid diffusivity, dp—media diameter, EBCT—empty bed contact time, LC—
large column (i.e., pilot-scale column), rL—liquid density, RSSCT–rapid small scale column test, Re—Reynolds 
number, Sc—Schmidt number, SC—small column (i.e., RSSCT column), t—run duration, μ—viscosity, V—loading 
range 
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4.2.3 SDS test 
 Simulated distribution system (SDS) tests were performed with influent and 
effluent samples from RSSCTs. The objectives of SDS test are to determine DBP 
formation potential upon chlorination in GAC treated water. The target residual chlorine 
concentration was 1mg Cl2/L after 24 hours of hold time. Ascorbic acid was used to 
quench chlorine prior to THM analysis, and Na2S2O3 was used to quench chlorine for 
DOC and SECDOC analysis to avoid issues of adding organic carbon (i.e, ascorbic acid).  
4.2.4 Analytical methods 
 DOC was analyzed with a Shimadzu Total Organic Carbon - VCSH (Shimadzu 
Corporation, Kyoto, Japan) with attached Shimadzu TNM by applying standard method 
5310 B (American Public Health Association and Federation, 2005). UV254 absorbance 
and free chlorine concentration were measured with a Hach DR 5000 (Hach Company, 
Loveland, Colorado). THM analysis was performed with an Agilent 6890N gas 
chromatograph with a 5973N Mass Selective Detector. A Gerstel MPS 2 auto-sampler 
was used to perform headspace solid phase micro extraction (SPME). The analytes were 
desorbed onto an HP-5MS column and monitored in SIM mode. In addition, THM 
samples were prepared with duplicates free of headspace. Size exclusion chromatography 
(SEC) followed by an ultraviolet light detector (UV) and DOC measurement was used to 
characterize the MWD of the samples. This system consisted of High-Performance 
Liquid Chromatography system (Waters 2695 Separation Module, Milford, MA) 
followed by TOC detector (Sievers Total Organic Carbon Analyzer 800) and an inorganic 
carbon remover (900 ICR, GE). A TSK 50S column (Tosho Toyopearl resin, Japan) was 
applied to separate organic matters with a phosphate buffer eluent solution. This buffer 
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solution was prepared by putting 0.064M Na2HPO4.7H2O, 0.020M Na2H2PO4.H2O and 
1M Na2SO4 (Sigma-Aldrich) in the nanopure water (> 18.2 MΩ-cm). SEC-DOC system 
was also calibrated using polyethylene glycol (PEG) standards with MW sizes ranged 
from 600 to 10,000 Da. Nanopure water was used as a blank control and a stock solution 
of 12mg C/L of Suwannee River natural organic matter (SRNOM) was applied for a 
quality control. The conductivity of all samples should be adjusted by adding a stock 
solution into the sample to 4.4 ~ 4.8 μS/m which was the same as that of the eluent.  
 To compare two breakthrough curves using Student t-test, breakthrough data is 
treated as paired and breakthrough data sets must be normalized by effluent 
concentrations, i.e., effluent values reported as fractions of influent values, C/C0. The 
compared breakthrough curves must have the same time scale like bed volumes. An 
identical bed volume distribution was applied in all breakthrough curve comparisons to 
reduce error. The mean difference (μd) between two breakthrough curves is calculated to 
determine if two data sets are statistically similar or not. The null hypothesis (H0) defines 
that there is no difference between the compared breakthrough curves, while the 
alternative hypothesis (H1) assumes that there is the difference between two breakthrough 
curves.  
Null hypothesis:       H0: μd0 = μd1 - μd2 = 0 
Alternative hypothesis:  H0: μd0 = μd1 - μd2 ≠ 0 
The test statistic tobs is then calculated as the following Equation (EQN 4.1): 
     
       
      
                                             (EQN 4.1) 
 Where, x d: sample mean difference  
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μd0: mean difference defined in the null hypothesis 
 Sd: standard deviation of the difference  
 n: number of observations (i.e., data points of each breakthrough curve)  
 The significance level (α) is very important to determine if the null hypothesis 
(H0) is rejected or not. The significance level used in the t-test is 0.05, i.e., 95% 
confidence level. A t-critical (tcrit) value for a t-distribution with degrees of freedom (n-1) 
was obtained from tabulated values of probabilities of t distribution. The probability of p-
value is calculated with t distribution with Microsoft Excel (version 2013): 
     P = T.DIST.2T(tobs,n-1)                                        (EQN 4.2) 
 The null hypothesis is rejected if p < 0.05 (i.e., the compared breakthrough curves 
are considered as statistically different), however, p > 0.05 explains both breakthrough 
curves are considered as statistically similar (i.e., fail to reject the null hypothesis) (Owen 
and Summers, 1998). The more detailed methods and examples of paired t-test are 
explained in Appendix B.  
 The bromine incorporation factor (BIF) was calculated to investigate the 
distribution of bromo-chlorinated species among four trihalomethane compounds from 
THMs data. The BIF equation can be described as follow (EQN 4.3):  
           
       
     
   
                                   
                           
            (EQN 4.3) 
            where the THM concentrations are on a molar basis 
 When only chloroform is present in the sample, BIF = 0: when only bromoform is 
present, BIF = 3. As a result, a mixture of all four THMs will be present: 0 < BIF < 3 
(Krasner et al., 2008; Rathbun, 1996). 
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4.3 RESULTS AND DISCUSSION 
4.3.1 Effect of pre-chlorination doses on change of NOM and MWD 
4.3.1.1 NOM change 
 Table 4.3 summarizes changes in DOC, UVA254, SUVA, and THM after pre-
chlorination. Pre-chlorination did not change DOC concentration across the range of 
applied chlorine doses, and is consistent with others(Liu et al., 2011). On the other hand, 
coagulation of RES 2 water removed 50% of DOC. Coagulation preferentially removes 
humic substances with higher MW of NOM(Velten et al., 2011). 
 Pre-chlorination reduces UVA254. UVA254 decreased by 9% for CRW after 
1ppm of chlorine and reduced by 11% and 22 % for SRL with 1 and 2mg Cl2/L of 
chlorine dosages, respectively. For RES 1, the UVA254 reduction was 6% and 10% after 
1mg Cl2/L and 2mg Cl2/L of chlorine spiking, respectively. A similar chlorine dose of 
2mg Cl2/L for RES 1 and SRL waters achieved 10% and 22% of UVA254 removal, 
respectively. Pre-chlorination at 2mg Cl2/L to Coag-RES 2 water achieved an additional 
17% of UVA254 reduction, after the 73% UVA254 reduction due to coagulation alone. 
Clearly, waters with high UVA254 should be coagulated prior to pre-chlorination to 
reduce DBP formation. 
 Table 4.3 summarizes SUVA of all source waters. Pre-chlorination decreased 
SUVA in all water sources. SUVA of CRW was diminished from 1.39 L/mg-m to 1.1 
L/mg-m (21%) after 1mg Cl2/L of chlorine, and that of SRL was changed from 1.74 
L/mg-m to 1.59 L/mg-m (9%) and 1.35 L/mg-m (22%) at 1mg Cl2/L and 2 mg Cl2/L of 
chlorine doses. SUVA of RES 1 was decreased by 3.73 L/mg-m (16%) and 3.5 L/mg-m 
(21%) from 4.43 L/mg-m after pre-chlorination at 1mg Cl2/L ppm and 2mg Cl2/L, while 
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3.21 L/mg-m of RES 2 water was reduced to 2.67 L/mg-m (17%) at 4mg Cl2/L of 
chlorine dose. Coag-RES 2 water after coagulation achieved 47% (1.69 L/mg-m) of the 
SUVA reduction based on 3.21 L/mg-m of RES 2 water, and the following 2mg Cl2/L of 
pre-chlorination resulted in an additional 7% (1.57 L/mg-m) of SUVA reduction. Overall, 
pre-chlorination lowered UVA254 values and this is expected to impact GAC 
performance(Reed, 1983) because UVA254 materials measures saturated carbon bonds, 
which tend to be more hydrophobic and sorb to non-polar GAC(Ghernaout, 2014; Liu et 
al., 2011; Nam et al., 2014). 
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Table 4.3. Summary in DOC, UVA254, SUVA, and THM of various water sources after pre-chlorination. Values in parentheses 
indicate the change % in values related to zero chlorine dose. ▲ indicates an increase in the change % 
Water 
sources 
No Cl2 Cl2 1ppm Cl2 2ppm Cl2 4ppm 
DOC 
(mg/L) 
UVA 
(abs/cm) 
SUVA 
(L/mg/m) 
THM 
(μg/L) 
DOC 
(mg/L) 
UVA 
(abs/cm) 
SUVA 
(L/mg/m) 
THM 
(μg/L) 
DOC 
(mg/L) 
UVA 
(abs/cm) 
SUVA 
(L/mg/m) 
THM 
(μg/L) 
DOC 
(mg/L) 
UVA 
(abs/cm) 
SUVA 
(L/mg/m) 
THM 
(μg/L) 
CRW 3.9 0.053 1.39 - 
4.6 
(▲19%) 
0.048 
(9%) 
1.05 
(24%) 
23.1 - - - - - - - - 
SRL 3.7 0.064 1.74 - 
3.6 
(3%) 
0.057 
(11%) 
1.59 
(9%) 
15.2 
3.7 
(▲1%) 
0.050 
(22%) 
1.35 
(22%) 
30 - - - - 
RES 1 6.5 0.286 4.43 - 
7.5 
(▲11%) 
0.268 
(6%) 
3.73 
(16%) 
82.8 
7.4 
(▲14%) 
0.258 
(10%) 
3.50 
(21%) 
235 - - - - 
RES 2 7.4 0.237 3.21 - - - - - - - - - 
7.8 
(▲6%) 
0.209 
(12%) 
2.67 
(17%) 
1320 
Coag- 
RES 2 
3.8 
(46%) 
0.064 
(73%) 
1.69 
(47%) 
- - - - - 
3.4 
(11%) 
0.053 
(17%) 
1.57 
(7%) 
127 - - - - 
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4.3.1.2 MWD change  
 Figure 4.2 shows the MWD change for various water sources after pre-
chlorination and coagulation process. Pre-chlorination to SRL water (Figure 4.2-(a)) 
reduces the DOC response in the lower MW fractions (600~1000Da) and intermediate 
MW fractions (1000~5000Da). For RES 1 and RES 2 water (Figure 4.2-(b) and (c)), the 
intermediate MW fractions (1000~5000Da) were decreased after pre-chlorine doses. The 
higher chlorine dosage also led to a larger reduction. However, the proportions of larger 
MW fractions (5000~10000Da) were found to increase after the pre-chlorine doses in all 
water sources. Coag-RES 2 achieved a significant reduction of DOC response over the 
entire range of MW fractions (600~10000Da) and intermediate MW fractions were 
largely decreased (Sohn et al., 2007; Velten et al., 2011; WHO, 2000). A decline over 
whole MW fractions was observed after additional 2mg Cl2/L of pre-chlorine dose to 
Coag-RES 2 water. Several studies investigated that pre-chlorination caused a decrease in 
large MW fractions and relatively an increase of small MW fractions due to a shift of 
MWD to smaller MW from the cleavage of the large molecules(Liu et al., 2011; 
Reinhard, 1984; Zhang et al., 2016).  
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(a) SRL 
 
 
(b) RES 1 
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(c) RES 2 and Coag-RES 2 
Figure 4.2. Molecular weight distribution change for various water sources after pre-
chlorination and coagulation 
 
 
4.3.1.3 THM formation 
 Table 4.3 shows the higher chlorine doses and high DOC water produced more 
THMs. The THM formation of CRW was 23μg/L when 1ppm of chlorine was added. 
SRL formed less THMs (15μg/L and 30μg/L) after spiking 1 and 2ppm of chlorine, 
whereas RES 1 formed more of THMs (83μg/L and 235μg/L) at the same chlorine doses. 
THMs of RES 1 were eight times higher than that of SRL at the same chlorine dosage 
(2ppm) even though DOC concentration of RES 1 was twice higher than that of SRL. In 
RES 2 water, the THMs formation was > 1,300μg/L after pre-Cl2 at 4ppm, whereas after 
coagulation and 2ppm of chlorine dose much lower THMs (127μg/L) were produced. 
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 Figure 4.3 summarizes THM yield from DOC for each pre-chlorination condition. 
THM yield varied depending on water sources and treatment processes. RES 1 and RES 2 
water tended to increase more THM yield than CRW and SRL, and higher chlorine dose 
also caused an increase of THM yield based on the same water source. Considering RES 
2 and Coag-RES 2, coagulation process could decrease the THM yield, which implied 
that coagulation was effective in removing THM reactive NOM.  
 
 
Figure 4.3. THM yield from DOC for each pre-chlorination at various water sources  
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4.3.2 Breakthrough of THM precursors and change of MW in GAC 
4.3.2.1 DOC and UVA254 
 Figure 4.4-(a) shows DOC breakthrough of CRW when 1ppm of pre-chlorination 
was applied to virgin GAC and regenerated GAC. Until 7000 BVs the DOC breakthrough 
for virgin GAC was lower than that of regenerated GAC. Thereafter, there was no further 
difference in C/C0 of DOC between virgin GAC and regenerated GAC. Subsequent 
RSSCTs only used virgin GAC because the regenerated GAC showed good removal 
efficiency of DOC and UVA254 as much as virgin GAC. DOC breakthrough curve in 
SRL shows that 2ppm chlorine dose achieved better DOC removal (p<0.05) than no 
chlorination (Figure 4.4-(b)).  
 Figure 4.5-(a) shows UVA254 breakthrough of CRW. Significantly (p<0.05), 
lower C/C0 of UVA254 was observed under chlorine exposure at both GAC and 
regenerated GAC. After 10,000BVs treated, 1mg Cl2/L of chlorine dose leads to 10% 
lower C/C0 values compared against no chlorine addition for both virgin GAC and 
regenerated GAC. The UVA254 breakthrough curve of SRL in Figure 4.5-(b) also shows 
that pre-chlorination and higher chlorine dose achieved a lower UVA254 of C/C0 than no 
pre- chlorination even though DOC of C/C0 had almost similar values at with or without 
pre-chlorination.  
 Table 4.4 summarizes DOC concentration and UVA254 value at 10,000 of bed 
volumes, BVs to achieve the same UVA254 value and BVs extension (%) of GAC 
depending on different pre-chlorine doses for various water sources. At 10,000BVs, pre-
chlorination did not change DOC concentration. However, pre-chlorine and higher doses 
achieved UVA254 value reduction. With BV data to achieve the same effluent UVA254 
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at no chlorine or different chlorine doses, the BV extension (%) was calculated by 
dividing the difference between BVs at pre-chlorine and BVs at no chlorine with BVs at 
no chlorine dose. BVs and BVs extension (%) from Table 4.4 shows that pre-chlorination 
and higher dosages could achieve longer BVs extension compared to no chlorine 
condition, which leads to less regeneration and GAC replacement media in the water 
treatment plant. 
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(a) CRW (DOC0 = 3.9 mg/l) 
 
 
(b) SRL (DOC0 = 3.7 mg/l) 
Figure 4.4. DOC breakthrough of CRW and SRL over different chlorine doses  
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(a) CRW (UVA0 = 0.054/cm) 
 
 
(b) SRL (UVA0 = 0.064/cm) 
Figure 4.5. UVA breakthrough of CRW and SRL over different chlorine doses  
0.0  
0.2  
0.4  
0.6  
0.8  
1.0  
0 3000 6000 9000 12000 15000 
U
V
A
 r
em
ai
n
in
g
 f
ra
ct
io
n
 (
C
/C
0
) 
Bed Volumes 
Virgin GAC+No Cl2 
Regenerated GAC+No Cl2 
Virgin GAC+1 mgCl2/L 
regenerated GAC+1 mgCl2/L 
0.0  
0.2  
0.4  
0.6  
0.8  
1.0  
0 2500 5000 7500 10000 
U
V
A
 r
em
ai
n
in
g
 f
ra
ct
io
n
 (
C
/C
0
) 
Bed Volumes 
Virgin GAC+No Cl2 
Virgin GAC+1 mgCl2/L 
Virgin GAC+2 mgCl2/L 
 93 
Table 4.4. Summary of DOC concentration and UVA254 value at 10,000 of bed volumes, 
BVs to achieve the same UVA254 value, and BVs extension (%) in GAC depending on 
chlorine doses for various water sources 
Water  
sources 
Chlorine dose 
(mg/L) 
At 10,000 BVs  BVs to achieve  
the same effluent 
UVA254 
BVs  
extension DOC 
(mg/L) 
UVA 
(abs/cm) 
CRW 
(virgin GAC) 
0 2.1 0.027 10,800 
39% 
1 2.2 0.025 15,000 
CRW 
(Regenerated 
GAC) 
0 2.2 0.028 10,800 
39% 
1 2.1 0.025 15,000 
SRL 
0 2.8 0.038 6,600  
 
27% 
 
52% 
1 3.2 0.035 8,400 
2 2.7 0.031 10,000 
RES 1 
0 6.1 0.239 8,500 
18% 
2 6.3 0.228 10,000 
RES 2 
0 6.6 0.201 5,000 
100% 
4 6.7 0.159 10,000 
 
*                                         
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4.3.2.2 MW change in GAC 
 Figure 4.6 compares the MWDs for several BVs of GAC operation with or 
without pre-chlorination. Dotted lines show MWDs when pre-chlorination was applied. 
Removal of MW fractions in the GAC process was better at a pre-chlorination throughout 
600~6000Da of MW ranges than without chlorination in SRL (Figure 4.6-(a)). Low MW 
fractions were more removed as they could go inside and diffuse more easily through the 
pores of GAC(Gibert et al., 2013). However, in RES 1 and RES2, less noticeable changes 
in MWD were observed (Figure 4.6-(b) and 4.6-(c)). GAC to treat raw water achieved 
better removal throughout whole MW fractions than GAC at pre-chlorination. A larger 
preformed THMs in RES 1 and RES 2 might compete for adsorption sites with NOM in 
GAC media.  
 
 
(a) SECDOC results of SRL  
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(b) SECDOC results of RES 1 
 
(c) SECDOC results of RES 2 
Figure 4.6. SECDOC results of influent water and three GAC effluent waters under no 
chlorine and pre-chlorination condition at various water sources (Solid lines are 
SECDOC data at no chlorine condition and dotted lines are SECDOC data at pre-
chlorination condition) 
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4.3.2.3 Bromide 
 Figure 4.7 illustrates the THM formation potential (μg/L) and the fraction change 
of THM species for each water source after pre-chlorination and extra 0.1~0.2ppm of 
bromide spiking. Spiking bromide increased the fraction of bromo-chlorinated species. 
For example, the mass fraction of CHBr3 relative to THMs increased after bromide 
spiking in CRW from 0.07 to 0.32 and in SRL from 0.26 to 0.53. For RES 1, there was an 
increase in the fraction of CHBrCl2 after 0.2ppm of bromide addition while a decrease in 
a CHCl3 fraction from 0.98 to 0.73.  
 
  
Figure 4.7. THM formation potential (μg/L) and THM species mass fraction in each 
water source after pre-chlorination, including samples with 0.1~0.2ppm spikes of 
bromide 
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4.3.3 Breakthrough of preformed THMs 
 THMs are small volatile molecules, which are hydrophobic and non-
biodegradable. They are adsorbed on GAC(Babi et al., 2007). Figure 4.8 shows pre-
formed THMs and CHCl3 breakthrough in GAC after an application of different chlorine 
concentration for four different water sources. The breakthrough curve of CRW (Figure 
4.8-(a)) achieved 50% and 80% of THM breakthrough for virgin GAC and regenerated 
GAC at 15,000 of BVs. The better THM removal by the virgin GAC occurred a longer 
GAC bed life than the regenerated GAC. Figure 4.8-(b) illustrates THM breakthrough of 
SRL that 100% of THM breakthrough of 2mg Cl2/L of chlorine dosage was reached at 
10000 BVs while 1mg Cl2/L of chlorine addition had 51% of THM breakthrough, which 
indicated the higher THM concentrations in the GAC influent results in the faster 
breakthrough of THM.  
 Although very high and unrealistic THM levels were produced in RES 1 and RES 
2, they offer the opportunity to look at GAC adsorption capacity for CHCl3.  For the 
THM breakthrough curve of RES 1 (Figure 4.8-(c)), almost 100% of CHCl3 breakthrough 
occurred at more than 5000 of BVs and 7500 of BVs for test waters with 1mg Cl2/L and 
2mg Cl2/L of chlorine doses, respectively. At C/C0 =1, the CHCl3 adsorption capacity of 
GAC in RES 1 water was 1000 μg CHCl3/g GAC and 1700 μg CHCl3/g GAC at 1mg 
Cl2/L and 2mg Cl2/L of chlorine. 4mg Cl2/L to RES 2 water achieved 100% of a CHCl3 
breakthrough at 5000 of BVs, however, 2mg Cl2/L of chlorine to Coag-RES 2 reached 
100% of THM breakthrough at 7500 BVs (Figure 4.8-(d)). Each CHCl3 adsorption 
capacity at C/C0 =1 was 9200 μg CHCl3/g GAC and 900 μg CHCl3/g GAC for RES 2 and 
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Coag-RES 2. These values are very rough because we did not obtain more short-term 
THM data during column test. 
 Table 4.5 shows bromine incorporation factor values. Before the addition of 
bromide, BIF of CRW, SRL, and RES 1 was 0.64, 1.03, and 0.01 ~ 0.02, respectively. In 
RES 1 water, most of THM species are composed of chloroform. When 0.1 ~ 0.2ppm of 
bromide was spiked with chlorine, the BIF of CRW and SRL rose by a factor of 2X. BIF 
of RES 1 also increased, but the BIF value (0.25) was still lower than in CRW or SRL 
waters. 
 Figure 4.9 illustrates the change of BIF across the GAC bed. BIF is lower in GAC 
effluent than influent and with longer GAC bed operation (more BVs) BIF values 
decrease. This indicates preferential adsorption of Br-THM over Cl-THM(Rasheed et al., 
2016; Zinabu, 2013). 
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(a) THM breakthrough of CRW (THM0 = 23μg/L, THM0, Cl2 1ppm+Br 0.1ppm = 25μg/L)  
 
 
(b) THM breakthrough of SRL (THM0, Cl2 1ppm = 15μg/L, THM0, Cl2 2ppm = 30μg/L,  
THM0, Cl2 2ppm+Br 0.2ppm = 52μg/L)  
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(c) CHCl3 breakthrough of RES 1 (CHCl3 0, Cl2 1ppm = 83μg/L, CHCl3 0, Cl2 2ppm = 235μg/L,  
CHCl3 0, Cl2 2ppm+Br 0.1ppm =150ug/)  
 
(d) CHCl3 breakthrough of RES 2 and Coag-RES 2 (CHCl3 0, Cl2 4ppm = 1320μg/L,  
CHCl3 0, Alum+Cl2 2ppm = 127μg/L)  
Figure 4.8. Breakthrough of preformed THM and CHCl3 in GAC process depending on 
different chlorine and bromide concentration applied at various water sources  
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Table 4.5. Bromine incorporation factor of various water sources after pre-chlorination 
and 0.1~0.2ppm of bromide dose 
Water sources 
Chlorine dose  
(mg/L) 
Bromide dose 
(mg/L) 
DOC 
(mg/L) 
BIF 
CRW 
1 - 
3.9 
0.64 
1 0.1 1.11 
SRL 
1 - 
3.7 
1.03 
2 - 1.11 
2 0.2 2.02 
RES 1 
1 - 
6.5 
0.02 
2 - 0.01 
2 0.2 0.25 
RES 2 4 - 7.4 0.01 
Coag-RES 2 2 - 3.8 0.08 
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(a) CRW  
 
(b) SRL 
 
(c) RES 1 
Figure 4.9. Breakthrough of BIF in GAC with or without bromide spiking at various 
water sources 
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4.3.4 Comparison of Post-GAC THMs in SDS Levels 
 The test waters for RSSCT and GAC treated waters from each column at 0~3300, 
3300~6600, and 6600~10000 of BVs were used for SDS tests to examine THM formation 
potential in the simulated distribution system.  
 Figure 4.10 shows less THM formation at each BV when pre-chlorination was 
applied to water sources. SDS-THM on GAC effluent also showed less change as a 
function of BV treated when pre-chlorination was applied. For example, in CRW, without 
pre-chlorine SDS-THM rose from 55μg/L to 78μg/L and 93μg/L after 3300, 6600 and 
10000 BV treated, respectively. This is a rise of 25% and 80%, respectively, over 
3300BVs treated. Much lower rises were observed after 1 or 2mg Cl2/L of pre-chlorine. 
This trend was observed in all waters. It indicates improved removal of THM precursors 
when pre-chlorination is applied prior to GAC.  
 Figure 4.11 shows THM yield from DOC in SDS test after GAC treatment. THM 
yield decreases upon pre-chlorination, and high pre-chlorine dosages reduce THM yield 
further. It indicates that pre-chlorination and GAC are effective in removing THM 
precursors and lead to lower THM formation in the distribution system. 
 Table 4.6 illustrates bromine incorporation factor values of SRL and RES-1 in 
SDS. 0.2mg/L of bromide spiking with the same chlorine dose (2mg Cl2/L) showed a 
higher BIF value in SDS compared against no bromide addition. The presence of bromide 
in source waters is a great concern in SDS because brominated DBPs appear to be more 
cytotoxic and genotoxic than the chlorinated species(Krasner et al., 2008; Rathbun, 
1996). 
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(a) SDS test result of SRL (TTHM influent water = 113μg/L) 
 
(b) SDS test result of RES 1 (TTHM influent water = 625μg/L) 
 
(c) SDS test result of RES 2 and Coag-RES 2 (TTHM influent water = 1023μg/L) 
Figure 4.10. SDS test results of various water sources  
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Figure 4.11. THM yield from DOC in SDS test samples from four different water sources 
after application of pre-chlorination or coagulation and chlorination 
 
Table 4.6. Bromide incorporation factor of various water sources in SDS 
Water  
sources 
Chlorine 
dose 
(mg/L) 
Bromide 
dose 
(mg/L) 
BIF at given GAC treated BVs 
Influent 0~3300 3300~6600 6600~10000 
SRL 
2 - 1.06 1.20 1.23 1.22 
2 0.2 1.42 1.33 1.48 1.48 
RES-1 
2 - 0.01 0.02 0.01 0.01 
2 0.2 0.30 0.58 0.35 0.39 
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4.4 SUMMARY AND CONCLUSION 
This chapter observed the following trends:  
 Pre-chlorination did not change DOC concentration over different chlorine doses. 
However, higher chlorine dosage lowered UVA254 values. SUVA of all water 
sources decreased upon pre-chlorination and the higher pre-chlorine doses lead to 
the larger reductions in SUVA.  
 SEC-DOC analysis showed that pre-chlorination could reduce the low MW 
fractions (600Da~1000Da) and intermediate MW fractions (1000~5000Da) and 
coagulation process achieved significant decrease over the wide range of MW 
fractions. 
 Pre-chlorination can lengthen GAC runtime, whether targeting DOC, UVA254 or 
SDS-THM levels in the GAC effluent. Pre-chlorination increases number of BV to 
achieve a target UVA254. Pre-chlorination had higher DOC removal in the first 
few thousand BVs of operation, but a similar number of BVs to achieve an effluent 
DOC of 2.5mg/L. GAC preferentially removed Br-THM species, which were 
performed during pre-chlorination in the GAC influent water.  
 SDS tests resulted in lower THM yield and concentration in the distribution system 
at pre-chlorination and higher chlorine dosages. 
 Bromide spiking in source water rose BIF value in SDS, which can cause health 
issue because Br-THM is more cytotoxic and genotoxic than Cl-THM.  
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CHAPTER 5 
BLENDING METAL OXIDES OR ION EXCHANGE MEDIA WITH ACTIVATED 
CARBON ENABLES As(V) OR Cr(VI) REMOVAL FROM WATER 
 
Research question: What loading of metal oxides and ion exchange media in a carbon 
block configuration is required to remove As(V) or Cr(VI)?  
 
5.1 INTRODUCTION 
 As(V) and Cr(VI) should be removed for public health from drinking water. 
Arsenic can be caused in natural water because of mineral weathering or human activities 
such as mining wastes, petroleum refining, sewage sludge, and ceramic manufacturing 
industries(Chen et al., 2007; Westerhoff et al., 2005). In 2001, United States 
Environmental Protection Agency (USEPA) adopted a new drinking water arsenic 
standard of 10μg/L, lower from the old standard of 50μg/L(Chang et al., 2010; Gorchev 
and Ozolins, 2011). Arsenite (As(III)) is more toxic than arsenate (As(V))(Sharma and 
Sohn, 2009). A variety of treatment technologies are available to remove arsenic from the 
drinking water. The techniques commonly applied are (1) chemical coagulation/filtration 
(2) precipitation on oxidized naturally occurring iron; (3) adsorption onto solid media; (4) 
anion exchange and (5) reverse osmosis(Badruzzaman et al., 2004; Chen et al., 2015; 
Vitela-Rodriguez and Rangel-Mendez, 2013). Among these technologies, adsorption 
technology has been widely used to remove arsenic due to its low cost and high 
efficiency(Vitela-Rodriguez and Rangel-Mendez, 2013). Adsorption process can be 
combined with nanotechnology(Westerhoff and Benn, 2008). Many studies have been 
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performed for arsenic removal in drinking water using commercial media such as E33 
(iron oxide-based)(Nguyen et al., 2011b; Westerhoff and Benn, 2008) and Metsorb 
(titania-based)(Westerhoff and Benn, 2008) as well as metal oxides embedded 
media(Chang et al., 2010; Cooper et al., 2010a; Ghanizadeh et al., 2010; Hristovski et al., 
2009b, 2008b; Westerhoff et al., 2008).  
 Hexavalent chromium (Cr(VI)) originates from various industries, such as 
electroplating operations, steel making, leather tanning, mining, and pigment 
manufacturing(Sun et al., 2014), and it can have natural origins in groundwater. Cr(VI) 
exists toxic effects on humans(Kotaś and Stasicka, 2000). Cr(VI) is more toxic than 
Cr(III) through the acute oral route, due to the stronger oxidizing potential of Cr(VI) 
(Ridge et al., 1994). The USEPA regulates total chromium in drinking water and has set a 
Maximum Contaminant Level (MCL) of 0.1 mg/L(US EPA, 2017a). The World Health 
Organization (WHO) guideline is 0.05 mg/L for total chromium which is lower than 
USEPA(Gorchev and Ozolins, 2011). Cr(VI) removal technologies include electro-
chemical precipitation(Den and Wang, 2008), membrane ultrafiltration(Zhang et al., 
2009), adsorption(Choi et al., 2009; Liu et al., 2007; Zhang and Zhang, 2014), and ion 
exchange(Balan et al., 2013; Li et al., 2016). Among these techniques, adsorption has 
been confirmed as an effective and reliable method for Cr(VI) removal because this 
method provides several advantages like low cost, availability, easy operation and better 
efficiency compared with membrane filtration or ion exchange(Owlad et al., 2009; Zhang 
and Zhang, 2014). Ion exchange is a physical process for removal of Cr(VI) by replacing 
ions in water with ions in ion exchange resin(Ridge et al., 1994). A weak base anion 
exchange resin (SIR 700, RESINTECH. Inc)  can remove selectively chromate 
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(Resintech, 2016). SIR 700 had the highest adsorption capacity when three types of 
WBAX (weak base anion exchange) were tested to evaluate Cr(VI) adsorption capacity 
with synthetic test water(Gifford, 2015).  
 Carbon block technology is widely used technologies in the Point-Of-Use (POU) 
drinking water treatment. Carbon block is a filter, sorbent and quenches taste associated 
chlorine. The higher efficiency of carbon block filter containing a greater number of 
carbon particles can remove or reduce impurities with much shorter contact time and a 
large surface area for chemical or physical adsorption results in greater adsorption of 
many different contaminants(Campos and Büchler, 2005; CB tech, 2016a). In addition, 
some carbon blocks will be fabricated through nanomaterials blending technology for the 
removal of special contaminant(Lau et al., 2005). Carbon block is manufactured by 
combining activated carbon, binders, and functional additives like metals or catalysts. 
Solids are mixed in a mold and extruded. Extruded carbon blocks are manufactured with 
a mixture of carbon, binder and other media that are forced through a die to form a 
continuous block. The block is then trimmed to optimal size. Compressed carbon blocks 
are fabricated individually in a mold under great pressure and high heat and then trimmed 
to size. Compression molding can provide a final product with more consistent filtration 
properties due to use of less binder material and an easy application of heat and pressure. 
This method can prevent the binder from masking the carbon’s inherent porosity and it 
will result in superior performance and increased capacity when comparing same sized 
blocks(CB tech, 2016a). 
 The main objective of this chapter is to provide information for use in subsequent 
chapters before the application of nano-enabled water treatment technology into carbon 
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block technology. The specific purposes are (1) to investigate if mixtures of 
commercially available media (E33, Metsorb, and SIR 700) and activated carbon can 
remove As(V) and Cr(VI) from drinking water; and (2) quantify the mass loading of iron 
and titanium oxides will be required for carbon block manufacturing process to satisfy the 
removal efficiency of targeted pollutants and lifetime of carbon block product at the same 
time. Column tests with combinations of activated carbon, E33, Metsorb, and SIR 700 
(IXE) were conducted and breakthrough of As(V) and Cr(VI) was used to determine and 
compare adsorption capacities.  
 
5.2 MATERIALS AND METHODS 
5.2.1 Materials 
 Two activated carbons (Filtrasorb and GAC from Industry partner) and three 
different commercially available media (E33, Metsorb, and SIR700) were applied to 
investigate the removal capacity of As(V) and Cr(VI) in tap water. Table 5.1 summarizes 
tests for As(V) and Cr(VI) target contaminants. E33 from Severn and Metsorb from 
Graver Technologies were used for As(V) removal column test and SIR 700 from 
Resintech was applied to Cr(VI) adsorption test.  
 All media except SIR 700 were crushed using pestle in a mortar and then washed 
with deionized water to remove a dirt or other contaminants. The ground media were 
prepared by sieving with a U.S. Standard mesh no 140×170 (105~88um) to get the 
average particle radius of 49um. SIR 700 media were prepared from a cryogenic grinding 
method with SPEX Sample Prep 6870 Freezer/Mill to get a required size of media for 
column tests because the general grinding method would cause a pore closing during the 
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grinding process with mortar. The number of cycles, grinding runtime, the types of the 
impactor, and rate of impactor were changed to achieve the desired media size. The 
ground SIR700 media were sieved with 140×170 mesh at the dried condition.  
5.2.2 Test water 
 Considering that carbon block is using at home, tap water as test water was used. 
Tap water was run for more than 3 hours until copper concentration was less than 
0.1mg/L and then filtered with carbon block to remove chlorine in the water. After 
checking free residual chlorine concentration, a stock solution of As(V) or Cr(VI) made 
of Na2HAsO4·7H2O (J.T. Baker chemical) or K2Cr2O7 (Sigma-Aldrich) reagents was 
spiked into collected tap waters. In column tests using Metsorb, modified NSF challenge 
water was prepared differently by adding extra fluoride (NaF, J.T. Baker chemical), 
phosphate (NaH2PO4·H2O, Mallincrodt), and nitrate(NaNO3, Sigma-Aldrich) with As(V) 
and Cr(VI) to investigate the simultaneous removal of As(V) and Cr(VI) as well as the 
effect of other ions on adsorption efficiency of Metsorb. For the column tests for Cr(VI) 
removal with SIR 700, tap water with pH 8.7 was used for the first column test, and the 
second test water was prepared s by adjusting pH to 6.5 using HNO3. Table 5.1 
summarized the concentration of all contaminants applied in column tests. 
5.2.3 Column design and operation 
 The column test in this study was not intended to simulate carbon block system 
but to investigate if the proportionally packed nanomaterial and activated carbon could 
remove oxo-anions and organic pollutants. As shown in Figure 5.1, a glass column with 
1.1cm of inner diameter was employed to set up column tests. Columns were prepared 
using glass wool and glass beads followed by the ground media. Piston pumps (FMI, 
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QC50) were used to feed influent water from a container to the columns and effluent 
water from each column was collected over bed volumes (BVs). The prepared column 
tests were set up at 1.0 minute of empty bed contact time (EBCT) and 14.5ml/min of flow 
rate. 
 For each set of column test, three columns were prepared by applying different 
loading of nanomaterial and activated carbon (Table 5.1). The first set of column tests 
was composed of 100% of virgin granular activated carbon (GAC), a mixture of 5% of 
E33 and 95% of AC, and blending of 10% of E33 and 90% of GAC. The second test was 
prepared with 5% of Metsorb and 95% of GAC and 10% of Metsorb and 90% of GAC 
for performance test of As(V) removal, and 10% of Metsorb and 90% of GAC for 
simultaneous removal test of As(V) and Cr(VI) at presence of other competitive ions. The 
application of 100% of virgin GAC was excluded from the second tests since it was 
investigated for virgin GAC to be unable to remove As(V) in the first column tests. The 
third and fourth column tests consisted of one column packed with 100 % of GAC and 
two columns with 10% of SIR 700 and 90% of GAC at different pH conditions with 8.7 
and 6.5. The difference between two columns prepared at the same ratio of SIR 700 and 
GAC was only in the way of operation method during column test. One column was 
operated to flow a test water into column continuously while the other was run by one 
hour on-off pump system which could simulate carbon block system in POU. One hour 
on-off system has been controlled by setting a digital timer (Intermatic). In addition, 
column tests with SIR 700 were performed to investigate a Cr(VI) removal efficiency at 
two different pH conditions of 8.7 and 6.5. 
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Table 5.1. Summary of test methods 
Tests Test waters Column set-up Analysis 
1 
30ppb of As(V) 
(Tap water) 
1. GAC (Filtrasorb) only 
2. 5% E33 + 95% GAC 
3. 10% E33 + 90% of GAC 
UVA 
As(V) 
2 
30ppb of As(V) 
(Tap water) 
1. 5% Metsorb + 95% GAC (Filtrasorb) 
2. 10% Metsorb + 90% GAC 
UVA 
As(V) 
30ppb of As(V) 
270ppb of Cr(VI),  
40ppb of PO4-P, 1ppm of 
F, 2ppm of NO3-N 
(Modified NSF challenge 
water with Tap water) 
3. 10% Metsorb + 90% GAC  
(Filtrasorb) 
UVA 
As(V), 
Cr(VI),  
Cu, etc 
3 
180ppb of Cr(VI)  
at pH 8.7 (Tap water) 
1. GAC (Industry partner)  only 
2. 10% SIR 700 + 90% GAC 
(continuous system) 
3. 10% SIR 700 + 90% GAC 
    (one hour on-off system) 
UVA, 
DOC 
Cr(VI) 
4 
165ppb of Cr(VI)  
at pH 6.5 (Tap water) 
1. GAC (Industry partner)  only 
2. 10% SIR 700 + 90% GAC 
(continuous system) 
3. 10% SIR 700 + 90% GAC 
    (one hour on-off system) 
UVA, 
DOC 
Cr(VI) 
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(a)                                                             (b) 
Figure 5.1. Column tests set up in this chapter (a) configuration of 1.1cm of packed 
column, (b) a picture of column tests set up 
 
5.2.4 Adsorption batch test 
 Adsorption batch test with SIR 700 was performed to investigate the adsorption 
capacity of Cr(VI) at different pH conditions and test water matrices. Bottles were soaked 
in the container with 10% HNO3, rinsed with deionized water three times and dried at 
103C for 24hr. Dechlorinated water and synthetic water were used as test water 
containing 0.2ppm of Cr(VI). The pH was adjusted with KOH and HNO3 at 6.5 and 8.3. 
Different mass of IXE was added in 250ml of test water and samples were agitated for 6 
days in a horizontal shaker. After agitation, the samples were filtered with 0.45um of the 
membrane and acidified with HNO3 for the following ICP-MS analysis.  
5.2.5 Analytical methods 
 Water samples were taken from each column at the designated bed volume. 
Dissolved organic carbon(DOC) was analyzed using a Shimadzu Total Organic Carbon 
(TOC)-VCSH (Shimadzu Corporation, Kyoto, Japan) with attached Shimadzu TNM by 
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applying standard method 5310 B(American Public Health Association and Federation, 
2005). UV254 absorbance and free chlorine concentration were measured with a Hach 
DR5000 (Hach Company, Loveland, Colorado). The total concentration of arsenic and 
chromium was analyzed using a Thermo Fisher Scientific XSeries 2 quadrupole ICP-MS 
and Cetac ASX-520 auto-sampler. Before an ICP-MS analysis for As and Cr, the 
collected samples from each column were stored in the fridge after acidifying them with 
pure HNO3. On the other hand, for the quick analysis of Cr(VI) and Cu in the process of 
preparing test water and running columns, Hach DR 890 colorimeter was used by 
applying Bicinchoninate Method (Method 8506) for Cr(VI) and 1,5-
Diphenylcarbohydrazide Method (Method 8023) for Cu(HACH, 2013).  
 XRF (X-ray fluorescence) test was also conducted to analyze the concentration of 
all elements for virgin media before column test or spent media after column test. It was 
used to screen how much elements` concentrations of two media have been changed after 
column test. Niton XL3t GOLDD with XRF Analyzer from Thermo Scientific was 
utilized to get the fast and accurate elemental analysis. XRF analyzers can be a useful 
tool to determine the chemistry of a sample by measuring the fluorescent X-ray emitted 
from a sample when it is excited by a primary X-ray source(Scientific, 2017). The low 
voltage field emission scanning electron microscope compatible with energy dispersive 
spectroscopy (EDS) was employed to investigate small topographic details on the surface 
and elemental composition of materials observed with scanning electron microscopy of 
virgin materials and spent materials after chromium removal column tests.  
 To compare two breakthrough curves using Student t-test, breakthrough data is 
treated as paired and breakthrough data sets was normalized by effluent concentrations, 
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i.e., effluent values reported as fractions of influent values, C/C0. The null hypothesis 
(H0) defines that there is no difference between the compared breakthrough curves, while 
the alternative hypothesis (H1) assumes that there is the difference between two 
breakthrough curves. The test statistic tobs is then calculated as the following Equation: 
     
       
      
                                          (EQN 5.1) 
 Where, x d: sample mean difference  
 μd0: mean difference defined in the null hypothesis 
 Sd: standard deviation of the difference  
 n: number of observations (i.e., data points of each breakthrough curve)  
 The significance level used in the t-test is 0.05, i.e., 95% confidence level. A t-
critical (tcrit) value for a t-distribution with degrees of freedom (n-1) was obtained from 
tabulated values of probabilities of t distribution. The probability of p-value is calculated 
with t distribution with Microsoft Excel (version 2013): 
     P = T.DIST.2T(tobs,n-1)                                      (EQN 5.2) 
 The null hypothesis is rejected if p < 0.05 (i.e., the compared breakthrough curves 
are considered as statistically different), however, p > 0.05 explains both breakthrough 
curves are considered as statistically similar (i.e., fail to reject the null hypothesis)(Owen 
and Summers, 1998). The more detailed methods and examples of paired t-test are 
explained in Appendix B. 
5.2.6 Calculation of adsorption capacity from column test result 
 Adsorption capacities were calculated as the total adsorbed mass of As(V) or 
Cr(VI) on the media by calculating the area above the breakthrough curve. First, water 
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volume treated (L) during column test was calculated by multiplying BVs (L/L) with a 
packed volume of nanomaterials (L). Next, the mass of contaminant (ug) for influent and 
effluent water was obtained by multiplying water volume treated (L) with the 
concentration of each contaminant (μg/L). Third, the mass of contaminant removed (ug) 
by nanomaterials was estimated by subtracting the contaminant mass of the effluent water 
(ug remained) from the contaminant mass of influent water (ug total). Fourth, the mass of 
nanomaterials used (g) in this test was obtained from the product of packed volume (ml) 
and bulk density (g/ml) of nanomaterial. Finally, adsorption capacity (ug/g) could be 
acquired by dividing the total mass of contaminant removed (ug) with a mass of 
nanomaterials used (g)(Athanasaki et al., 2015). 
 
5.3. RESULTS AND DISCUSSION 
5.3.1 Comparison of As(V) and UVA254 removal by blending E33 with AC 
 Figure 5.2 (a) shows As(V) breakthrough. A higher loading of E33 delayed As(V) 
breakthrough, compared against virgin GAC. Table 5.2 summarizes adsorption capacities 
all media in this chapter at given effluent concentration (Ce) of breakthrough for As(V) 
or Cr(VI). Based on MCL of As(V) which is 10μg/L from USEPA, the column with 5% 
of E33 and 95% of activated carbon achieved 2200 BVs at a 10μg/L As(V) of 
breakthrough, whereas the column consisted of 10% of E33 and 90% of activated carbon 
had around 6400 BVs. To compare the As(V) performance of E33, As(V) adsorption 
capacity at 5% and 10% of E33 loading was evaluated by calculating areas from the 
breakthrough curve. The adsorption capacity of each column was 2600μg/g at 5% of E33 
loading and 3800μg/g at 10% of E33 loading, respectively, based on 10μg/L of As(V) 
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breakthrough. Even if columns with 5% of E33 and 10% of E33 had twice mass loading 
difference, it did not show 2X the adsorption capacity but, actually achieved 3X longer 
BVs for As(V) breakthrough. Adsorption capacities of E33 in this test are higher than the 
study done by Westerhoff et.al (2008), with As(V) adsorption capacity of E33 ranged 
from 400 to 1800μg/g based on reaching an effluent concentration of 10 μg/L(Westerhoff 
and Benn, 2008).  
 Figure 5.2 (b) shows UVA breakthrough curve. Paired Student’s t-tests showed 
that there virgin GAC achieved a little better UVA removal than two E33 blended GAC 
columns (p<0.05). Until 12800 BVs, virgin GAC showed lower UVA value in effluent 
water than E33 mixed GAC columns, however, effluent UVA values from virgin GAC, 
5% of E33 mixed GAC, and 10% of E33 blended GAC were 0.013, 0.01, and 0.009/cm at 
14300 BVs.  
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Table 5.2. Summary of adsorption capacities all media in this chapter at given Ce of 
breakthrough for As(V) or Cr(VI). Values in parentheses indicate the achieved BVs at 
given Ce of As(V) or Cr(VI) 
Media and conditions 
BVs of 
test 
q (μg pollutants/g media) 
effluent As(V) (μg/L) effluent Cr(VI) (μg/L) 
Ce=10 Ce=20 Ce=30 Ce=100 Ce=150 Ce=200 
100%GAC 
15,000 
< 0.1 
(< 50) 
< 0.1 
(< 50) 
< 7 
(300) 
- - - 
95%GAC+5%E33 
2,600 
(2,200) 
6,400 
(7,200) 
6,800 
(14,000) 
- - - 
90%GAC+10%E33 
3,800 
(6,400) 
5,300 
(12,000) 
5,200 
(14,000) 
- - - 
95%GAC+5%Metsorb 
15,000 
1,500 
(2,000) 
2,600 
(4,400) 
3,500 
(13,000) 
- - - 
90%GAC+10%Metsorb 
2,100 
(5,200) 
2,500 
(7,000) 
2,700 
(13,000) 
- - - 
90%GAC+10%Metsorb 
(Modified NSF challenge 
water) 
1,000 
(2,800) 
1,400 
(5,200) 
1,500 
(11,000) 
170 
(50) 
500 
(200) 
780 
(400) 
100%GAC (pH 8.7) 
15,000 
- - - 
< 0.1 
(< 50) 
< 0.1 
(< 50) 
20 
(<300) 
90%GAC+10%IXE 
(Continuous system, pH 8.7) 
- - - 
380 
(160) 
380 
(190) 
440 
(300) 
90%GAC+10%IXE 
(On-off system, pH 8.7) 
- - - 
350 
(150) 
370 
(180) 
330 
(300) 
100%GAC (pH 6.5) 
15,000 
- - - 
< 0.1 
(< 50) 
15 
(200) 
- 
90%GAC+10%IXE 
(Continuous system, pH 6.5) 
- - - 
7,200 
(5,200) 
13,800 
(>15,000) 
- 
90%GAC+10%IXE 
(On-off system, pH 6.5) 
- - - 
13,400 
(8,200) 
17,200 
(>15,000) 
- 
 120 
 
(a) As(V) breakthrough curve (As0 = 30μg/L) 
 
 
(b) UVA breakthrough curve (UVA0 = 0.01~0.02/cm) 
Figure 5.2. As(V) and UVA breakthrough curve of three different columns prepared with 
virgin GAC or E33 blended GAC  
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5.3.2  Comparison of As(V), Cr(VI) and UVA removal by blending Metsorb with 
activated carbon 
 Figure 5.3 shows As(V) breakthrough of Metsorb blended activated carbon. 
Higher Metsorb mass loading achieved a longer breakthrough. 10% of Metsorb mass 
loading had twice longer BVs than 5% of Metsorb mass loading. Based on 10μg/L of 
As(V) breakthrough, As(V) adsorption capacities of Metsorb were 1500μg/g and 
2100μg/g for 5% and 10% of Metsorb loading, respectively (Table 5.2). The column with 
modified NSF challenge water (column 3) showed faster As(V) breakthrough and lower 
adsorption capacity (1000μg/g) at the same 10% Metsorb mass loading. This is because 
anions in test waters are competitive with the adsorption of As(V) to Metsorb(Nguyen et 
al., 2011b; Vitela-Rodriguez and Rangel-Mendez, 2013). These adsorption capacities of 
Metsorb in these tests were a little higher than research results of column tests done by 
Westerhoff et. al (2008), which showed 200~600 mg As/g of Metsorb at a variety of 
water sources(Westerhoff and Benn, 2008). 
 Figure 5.4 shows Cr(VI) breakthrough of 10% of Metsorb blended activated 
carbon (column 3). Metsorb showed a very fast breakthrough for Cr(VI). A100μg/L of 
Cr(VI) breakthrough occurred at 50 BVs, and the adsorption capacity was very low with 
170μg /g. The selectivity of Metsorb was higher for As(V) than Cr(VI) comparing to 
breakthrough and adsorption capacity of each contaminant. Comparing the As(V) 
removal capacity of E33 and Metsorb, iron-based E33 showed longer breakthrough and 
higher adsorption capacity than titanium based Metsorb, which explained that As(V) can 
have a good affinity with iron surfaces. The column tests done by Westerhoff et.al (2008) 
also investigated that the adsorption capacity of E33 was higher than that of Metsorb.  
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Figure 5.3. As(V) breakthrough curve of three different columns with Metsorb blended 
GACs (As0 = 26~30μg/L) 
 
 
Figure 5.4. Cr(VI) breakthrough curve of with 10% of Metsorb blended GACs 
(Cr0=270μg/L) 
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 Figure 5.5 shows the UVA254 breakthrough curve of three columns. Higher GAC 
mass loading achieved more UVA254 removal in two columns with 5% and 10% of 
Metsorb loaded activated carbon done with 30 μg/L of tap water (p<0.05). However, 10% 
of Metsorb loaded activated carbon done with modified NSF challenge water showed 
much higher UVA254 value than other two columns during column test because of 
higher initial UVA254(0.042/cm). At 15000 BVs, UVA of the treated water of 5% and 
10% of Metsorb loaded activated carbon was analyzed at 0.012 and 0.015/cm, while 
effluent water from column 3 achieved 0.030/cm of UVA254 which was about twice as 
high as that of other two columns.  
 
Figure 5.5. UVA breakthrough curve of three different columns with Metsorb blended 
GACs (UVA0=0.031/cm, UVA0 of modified NSF challenge water=0.042/cm) 
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5.3.3 Comparison of Cr(VI) and NOM removal by blending IXE with activated 
carbon at pH 8.7 and 6.5 
 First, a screening adsorption batch test with SIR 700 was performed to investigate 
the adsorption capacity of Cr(VI) by SIR 700 at pH of 8.3 and 6.5 before column test. It 
was conducted with only two different masses of SIR 700 for tap water and synthetic 
water. Table 5.3 summarized the results of batch tests performed on different matrices, 
different Cr(VI) concentrations, and pH conditions with SIR 700. Much higher adsorption 
capacity of Cr(VI) could be achieved at low pH condition at the same matrices and 
synthetic water could have higher adsorption capacity than synthetic water at both pH 6.5 
and 8.3.  
 
Table 5.3. Summary of comparison of Cr(VI) adsorption capacity of SIR 700 from batch 
tests at different matrixes  
Test  
Method 
Matrices 
Water quality  
q 
(μg/g IXE) 
pH 
Cr 
(mg/L) 
Batch test 
Tap water 
8.3 
0.20 
2400 
6.5 9800 
Deionized 
water 
8.3 
0.27 
10500 
6.5 24700 
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 Second, column tests with GAC and SIR 700 were conducted. Figure 5.6 shows 
the breakthrough curve of Cr(VI) of three columns with different blends of GAC and SIR 
700 at pH 6.5 and 8.7. Only GAC packed column (column 1) showed no Cr(VI) removal 
at either pH condition, but Cr(VI) was removed in columns with SIR 700. Columns 
(column 2 and column 3) at pH 6.5 achieved a delayed breakthrough and higher 
adsorption capacity than those at pH 8.7 under the conditions with 10% of SIR 700 mass 
loading. Based on 100μg/L of Cr(VI) breakthrough, shown in Table 5.2, columns at pH 
6.5 achieved more than 5200 BVs while less than 200 BVs was reached for columns at 
pH 8.7. The adsorption capacity of columns was more than 7200μg/g at pH 6.5. 
However, a high pH of 8.7 caused a decrease of Cr(VI) adsorption capacity to less than 
400μg/g. The pH of water is an important parameter to determine Cr(VI) adsorption 
capacity of ion exchange since Cr(VI) species present differently in water under pH 
conditions. Cr (VI) usually present as HCrO4
-
 and Cr2O7
2-
 at low pH while CrO4
2-
 are 
dominated species at high pH and they require two ion exchange sites to bind(Ridge et 
al., 1994). The manufacturer of SIR 700 also recommends that SIR 700 would be used at 
less than pH 6.5 for high Cr(VI) removal efficiency(Resintech, 2016).  
 Third, the Cr(VI) removal efficiency of columns was also compared depending on 
an application of continuous system (column 2) or one hour on-off system (column 3) at 
pH 6.5 and 8.7. In applying continuous or on-off system, two assumptions were 
considered about each system based on treating 5000L of water. Continuous treatment 
systems may have lower carbon capacity for a pollutant because of slow intraparticle 
mass transport limited diffusion. On the other hand, the intermittent treatment method, 
which is the same concept as the pump on-off system, may not achieve more than 5000L 
 126 
of capacity because diffusion into the adsorbent can occur during a certain pause period. 
Prior research concluded from column tests using GFH that the off-pump cycle allows 
arsenate diffusion along the internal pore surfaces and adsorption at binding sites, 
decreasing the arsenate concentration in the stagnant layer around the media. When 
restarting water flow through the system, a higher concentration gradient exists between 
liquid and surface arsenate concentrations and facilitates the rapid removal of arsenate 
from solution(Westerhoff et al., 2005).  
 Column test results at pH 8.7 did not show any difference for Cr(VI) adsorption 
capacity in both continuous versus intermittent operation since high pH did not achieve 
good Cr(VI) removal regardless of continuous or one hour on-off system. Adsorption 
capacities of column 2 and column 3 at pH 8.7 were 380μg/g and 350μg/g at 100μg/L of 
Cr(VI) breakthrough. However, the adsorption capacity of IXE at pH 6.5 showed that one 
hour on-off system achieved a longer breakthrough and higher adsorption capacity than 
the continuous system. The on-off system showed a breakthrough at around 8200 BVs 
while continuous system reached at 5200 BVs at MCL (100μg/L) of total Cr(VI). Cr(VI) 
adsorption capacity of the on-off system (13400μg/g) was higher than continuous system 
(7200μg/g). This could happen because the intraparticle diffusion within the ion 
exchange resin is the rate-limiting step for Cr (VI) removal(SenGupta and Sarkar, 2010). 
 Fourth, Figures 5.7 and 5.8 illustrate the breakthrough curve for UVA and DOC 
of three different column conditions at pH condition of 8.7 and 6.5. Water quality of 
column tests at pH 6.5 was worse than that of the experiment at 8.7. UVA and DOC 
breakthrough curves showed that on-off system had higher NOM removal efficiency than 
continuous systems at both pH conditions (p<0.05). Based on BVs of the three columns 
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reaching 1.5 mg/L of DOC, three columns at pH 8.7 had 3000 BVs (GAC 100%, 
continuous system), 4000 BVs (IXE 10%+GAC 90%, continuous system), and 9000 BVs 
(IXE 10%+GAC 90%, on-off system). On the other hand, the BVs reaching at 2.5 mg/L 
of DOC were 4000 BVs (GAC 100%, continuous system), 5000 BVs (IXE 10%+GAC 
90%, continuous system), and 8000 BVs (IXE 10%+GAC 90%, on-off system) at pH 6.5. 
These results explained that one hour on-off system could increase the internal pore 
diffusion of organic materials and result in an improvement of the adsorption capacity 
since it gives time for NOM to migrate and adsorb into pores of media.  
 Overall, pH strongly influenced Cr(VI) adsorption capacity of IXE in both batch 
and column tests. At pH 6.5, on-off system operation improved Cr(VI) and DOC removal 
based on adsorption capacity by 23% and 20%, respectively, compared against 
continuous flow system operation because on-off system can help pollutants move more 
efficiently to pores of IXE and activated carbon, which could give the faster and easier 
internal diffusion of contaminants and more available active sites for the interaction 
between pollutants and IXE(Wang et al., 2015). 
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  (a) pH 8.7 (Cr0 = 185μg/L) 
 
  
(b) pH 6.5 (Cr0 = 165μg/L) 
Figure 5.6. Cr(VI) breakthrough curve of three different columns prepared with virgin 
GAC or IXE blended GAC at 8.7 and 6.5 of pH condition 
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 (a) UVA breakthrough curve (UVA0 = 0.032/cm) 
 
 
 (b) DOC breakthrough curve (DOC0 = 2.2mg/L) 
Figure 5.7. UVA and DOC breakthrough curve of three different columns prepared with 
virgin GAC or ion exchange blended GAC at 8.7 of pH condition  
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(a) UVA breakthrough curve (UVA0 = 0.052/cm) 
 
  
(b) DOC breakthrough curve (DOC0 = 2.7mg/L) 
Figure 5.8. UVA and DOC breakthrough curve of three different columns prepared with 
virgin GAC or ion exchange blended GAC at 6.5 of pH condition  
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5.3.4 Impact of Copper on Cr(VI) removal 
 During Cr(VI) removal column tests (Figure 5.9) with SIR 700 and activated 
carbon, the color of the ion exchange resin had changed from the initial brown to dark 
blue over time. This phenomenon could occur when Cr(VI) is reduced to Cr(III)(Gifford, 
2015). However, since it was observed that the glass wool packed in the column also 
changed to blue, XRF test was performed to examine changes in the elemental 
composition of the glass wool, ion exchange resin and activated carbon before and after 
use of them in column tests. Copper can be released from pipes in building even after 
1um pre-filter. The copper concentration in the feed water was 0.06mg/L.  
 Table 5.4 summarizes the concentration of elements from XRF analysis for three 
types of materials such as glass wool, ion exchange resin, and activated carbon and shows 
significant differences in concentration between virgin materials and spent materials. 
Higher concentration of copper was detected in the wool, ion exchange resin and 
activated carbon that were used in each column, while it was hardly observed in virgin 
wool, virgin ion exchange resin and virgin activated carbon through XRF test. The copper 
concentration of the ion exchange resin from column tests at pH 8.7 was 47.7mg/g and 
20.4mg/g in the continuous system and on-off system, respectively. From the results of 
the copper analysis, it can be deduced that a large amount of copper was present in the 
test water prepared by tap water. Even if column tests at pH 6.5 was performed to avoid 
the copper problem by rinsing test devices and applying new tubing, copper concentration 
of used ion exchange was still high at 31.6mg/g and 49.8mg/g.  
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Figure 5.9. Pictures of color change in wool and ion exchange of continuous system and 
on-off system during 15000 of bed volumes  
 
Table 5.4. XRF analysis results of three types of virgin materials and spent materials in 
column tests done at pH 8.7 and 6.5 
(unit : mg/g) 
Materials 
column tests at pH 8.7 column tests at pH 6.5 
Cr Cu Cr Cu 
Virgin wool 0.2 <LOD 0.1 0.1 
Column 1–Wool <LOD 0.4 1.2 2.8 
Column 2 – Wool 0.3 2.00 1.5 2.5 
Column 3 – Wool 0.7 3.4 9.3 6.9 
Virgin IXE 0.6 <LOD 0.2 < LOD 
Column 2 – IXE 5.8 47.7 32.0 31.6 
Column 3 – IXE 10.0 20.4 58.3 49.8 
Virgin AC <LOD 0.1 < LOD 0.1 
Column 1 – AC 0.1 8.6 1.7 13.6 
Column 2 – AC 0.1 1.6 2.9 7.8 
Column 3 – AC 0.1 0.3 3.3 7.0 
 
1)  LOD: Limit of Detection 
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 SEM with EDS analysis was performed on surface morphology and elemental 
composition of each material of IXE and activated carbon before and after the use in 
column tests. Figure 5.10 shows SEM images with 5,000 of magnification for virgin and 
spent materials in column tests. In Figure 5.10, (b) and (e) are images of spent activated 
carbon and IXE in column tests at pH 8.7 while (c) and (f) illustrate images of spent 
materials performed by column tests at pH 6.5. Figure 5.11 and Table 5.5 illustrate results 
of EDS analysis. 
 Figures 5.10 (a) and Table 5.5 show that virgin activated carbon observed C and 
O and it was confirmed that C of them is the main constituent (Figure 5.10 (a)). The 
deposition of elements such as Al and Ca was observed on the surface of spent activated 
carbons in the first column test (Figure 5.10 (b)) and Cu and Al were deposited on the 
second spent activated carbon (Figure 5.10 (c)). However, EDS data show that Cr(VI) 
could not be identified in both spent activated carbons (Table 5.5). SEM images of IXE in 
Figures 5.10 (d) ~ (f) and EDS data in Table 5.5 show that Cl was mainly observed on the 
surface of virgin IXE (Figure 5.10 (d)). A deposited Cu and Al was observed on the 
surface of spent IXE at pH 8.7 (Figure 5.10 (e)) while attachments of elements such as Cr, 
Cu, Al, and Ca were shown on spent IXE at pH 6.5 (Figure 5.10 (f)). Cu in test water was 
detected in both spent IXEs and it changed the color of IXE to blue. The SEM image and 
EDS data indicated that continuous loading of Cu and other elements from influent water 
was observed in column tests compared with the batch test, and Cu was also adsorbed on 
IXE.  
 
 134 
       
(a) Virgin GAC              (b) Spent GAC (pH 8.7)        (c) Spent GAC (pH 6.5) 
        
(d) Virgin IXE               (e) Spent IXE (pH 8.7)           (f) Spent IXE (pH 6.5) 
Figure 5.10. SEM images of virgin and spent materials applied in column tests (x 5,000) 
 
   
(a) Virgin GAC               (b) Spent GAC (pH 8.7)         (c) Spent GAC (pH 6.5) 
   
(d) Virgin IXE                (e) Spent IXE (pH 8.7)            (f) Spent IXE (pH 6.5) 
Figure 5.11. EDS graphs of virgin and spent materials applied in column tests 
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Table 5.5. Atomic percentages (%) from EDS results for virgin and spent materials 
applied column tests 
Materials C O Cr Cu Cl Al N S, Ca, Pt 
Virgin GAC 91.1 8.9 - - - - - - 
Used GAC (pH 8.7) 61.6 29.8 - - - 8.4 - 0.2 
Used GAC (pH 6.5) 80.2 14.9 - 0.3 - 4.7 - - 
Virgin IXE 43.5 1.8 - - 53.8 - - 0.8 
Used IXE
 
(pH 8.7) 64.3 15.6 - 2.4 - 0.3 16.9 0.6 
Used IXE (pH 6.5) 61.3 17.8 0.4 2.2 0.5 0.3 16.5 1.0 
 
 
5.3.5 Nanoparticle mass loading (%) to optimize carbon block products 
 To estimate how much nanoparticles in weight ratio are required to meet the 
compliance of targeted pollutants in carbon block fabrication process, influent water 
assumed to contain 30μg As/L and 200μg Cr/L, and achieve an effluent As(V) and 
Cr(VI) concentration in carbon block treated water below 10μg/L and 100μg/L as 
regulated by USEPA. The carbon block was designed to treat 5000 L, and the total mass 
of the carbon block product was based on 500g.  
 Table 5.6 shows the summary of the loading percentage of the nanoparticles 
required for the production of a carbon block. Each mass loading % was obtained by the 
following calculation method. Total contaminant mass removed (μg pollutant) was 
calculated by multiplying goal of treated water volume (Vtreated water, L) for on carbon 
block with initial concentration (C0, μg/L) of pollutants in influent water. The adsorption 
capacity of each nanoparticle (q, μg pollutant /g nanoparticle) was obtained by calculating the 
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area of the breakthrough curve based on 10μg/L As(V) or 100μg/L Cr(VI) of 
breakthrough. The required mass of nanoparticles (g nanoparticle) was estimated by dividing 
total contaminant mass removed (μg pollutant) with adsorption capacity (q) of each 
nanoparticle. The mass loading % of nanoparticle was calculated by dividing the required 
mass of nanoparticle (g nanoparticle) with a total mass of one carbon block (500g). The 
simplified equation is shown in EQN 5.3. 
 
                       
                     
  
 
 
  
           
            
                   
              (EQN 5.3) 
  
 For As(V), Figure 5.12 illustrates the predicted nanoparticle loading % in one 
carbon block fabrication to achieve < 10μg /L of effluent treated for variable treatment 
volume and adsorption capacities. Three lines show the predicted NP mass loading % of 
three different As(V) adsorption capacities (1000, 2000, and 5000μg As/g NPs) 
depending on desired treated volume (L). Four dots at target treated volume of 5,000L in 
a graph showed calculated nanoparticle loading % from previous experimental results 
(Table 5.6). The higher adsorption capacity of As(V) could require less NP loading % 
over treated volume and more NP mass loading % was necessary to achieve a more 
treated volume of carbon block. Table 5.6 shows that 8%~12% of mass loadings of E33 
was required while Metsorb needed 14~20% of mass loading to treat As(V) below 
10μg/L. However, an application of modified NSF challenge water increased mass 
loading % of Metsorb from 14% to 30%.  
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Table 5.6. Summary of mass loading percent of nanoparticles to treat As(V) based on one 
carbon block manufacturing process 
Media Test method Water  Matrix 
q 
(μg/g NP) 
Media mass 
required  
(g) 
Required  
% NP 
 in CB 
E33 
(iron 
oxide) 
Column test 
(E33 5%+AC 95%) Tap  
water 
2600 58 12% 
Column test 
(E33 10%+AC 90%) 
3800 39 8% 
Metsorb 
(TiO2) 
Column test 
(Metsorb 5%+AC 95%) Tap  
water 
1500 100 20% 
Column test 
(Metsorb 10%+AC 90%) 
2100 71 14% 
Column test 
(Metsorb 10%+AC 90%) 
Modified NSF 
challenge water 
1000 150 30% 
SIR 700 
(IXE) 
Column test 
(IXE 10%+AC 90%,  
continuous system) 
Tap  
water 
(pH 8.7) 
380 2632 >100% 
Column test 
(IXE 10%+AC 90%,  
one hour on-off system) 
350 2857 >100% 
Column test 
(IXE 10%+AC 90%,  
continuous system) 
Tap  
water 
(pH 6.5) 
7200 139 28% 
Column test 
(IXE 10%+AC 90%,  
one hour on-off system) 
13400 75 15% 
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 For Cr(VI), the mass loading % of the required nanomaterials in influent water 
with pH 8.7 was more than 100% (Table 5.6), which means that nanomaterial mass 
exceeded total mass of carbon block (500g) since the adsorption capacity of IXE was too 
low due to the high pH of test water. However, the mass loading of nanomaterials at pH 
6.5 of influent achieved 15% ~ 28% as the adsorption capacity of IXE was increased 
because of low pH condition. To compare two results, IXE was very pH dependent. 
 Intermittent operation improves the removal efficiency of pollutant compared 
against the continuous system and requires a lower nanomaterial mass loading.  
 
 
Figure 5.12. Predicted nanoparticle loading % in one carbon block at treated volume (L) 
depending on different adsorption capacities (1000, 2000, and 5000μg As/g NPs). Four 
dots at target treated volume of 5,000L represent NP loading % from experimental results  
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5.4 SUMMARY AND CONCLUSION 
This chapter observed the following trends:  
 In column tests for As(V) removal, the pristine activated carbon did not remove 
As(V), and columns with 5% and 10% of E33 loading on activated carbon 
achieved 2600μg/g and 3800μg/g of As(V) adsorption capacities based on 10μg/L 
to breakthrough. There was the minimal effect of nanomaterial loading on UVA 
removal efficiency.  
 Metsorb achieved 1500μg As/g and 2100μg As/g of As(V) adsorption capacities at 
5% and 10% of mass loading, respectively, in 30ppb As(V) spiked tap water. Tap 
water versus modified NSF challenge water spiked with 30ppb As(V), 270ppb 
Cr(V), and several anions on a 10% of Metsorb reduced As(V) adsorption capacity 
from 2100μg As/g to 1000μg/g. Higher GAC mass loading achieved lower 
UVA254 value in 5% and 10% of Metsorb loaded activated carbons.  
 GAC showed no Cr(VI) removal. Columns containing 90% GAC and 10% IXE at 
pH 6.5 achieved a delayed breakthrough and higher adsorption capacity than those 
at pH 8.7. The adsorption capacity at pH 6.5 was > 7200μg/g. but < 400μg/g at pH 
8.7. One hour on-off intermittent operation system showed higher adsorption 
capacity of Cr(VI) than an application of continuous system at pH 6.5, but no 
benefits were observed for pH 8.7. One hour on-off operation system also showed 
better UVA254 and DOC removal. 
 The 8~12% of mass loadings of E33 was required to treat As(V) below 10μg/L 
while Metsorb needed 14~20% of mass loading. However, modified NSF 
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challenge water increased mass loading % of Metsorb from 14% to 30%. Mass 
loadings % of IXE for Cr(VI) removal was 15~28%  at pH 6.5. 
 
 During column test with IXE blended activated carbon, continuous loading of 
copper was observed in IXE and activated carbon through XRF analysis. Column test 
results of IXE done by SenGupta et al (2010) explained that copper did not affect the 
removal of Cr(VI)(SenGupta and Sarkar, 2010), however, further investigation about this 
will be required in the future. 
 Since the adsorption capacity of each nanomaterial is dependent on the water 
quality of the influent water, it will be needed to evaluate adsorption capacity change of 
nanomaterials depending on the As(V) concentration, pH, and presence of other 
competing substances of influent water source before deciding nanomaterial for carbon 
block. In addition, it is necessary to make a carbon block with nanomaterials through the 
results of the column test or the batch test, and then carry out the actual carbon block 
performance test to compare with the results of column or batch test. Test methods and 
results of actual carbon block performance test are further discussed in chapter 7 and 9. 
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CHAPTER 6 
PRE-HEATING METAL OXIDE AND ION EXCHANGE SORBENTS IMPACTS ON 
SORPTION OF As(V) OR Cr(VI) 
 
Research question: Does pre-heating nanomaterials affect their adsorption capacity 
during carbon block manufacturing? 
 
6.1 INTRODUCTION 
 Iron oxides are made from the precipitation of ferric salts and their products vary 
in a composition, chemical structure, and physical characteristics. Preparation methods 
change the surface area, formula, morphology, and color. Heating is one of the 
preparation techniques to alter iron chemistry(Streat et al., 2008). The exposure to 
different temperature changes the structure of iron from amorphous to a crystalline form 
and it impacts on As(V) adsorption capacity(Jang et al., 2008).  
 Studies have quantified As(V) adsorption capacity for particles prepared by 
milling larger to smaller sizes. The adsorption capacity of superfine activated carbon was 
not affected by particle size because adsorption occurs in the internal pores of the 
activated carbon particles(Matsui et al., 2015, 2013, 2012). Schäfer et al (2016) evaluated 
ion exchange (IXE) capacity with virgin IXE resin and a few hundred nanometers of IXE 
resin produced through a two-step grinding process. IXE capacity was not changed 
according to the size of IXE(Schäfer et al., 2016). We hypothesize that crushing media 
will not affect As(V) or Cr(VI) adsorption capacity. However, the small size of media 
could improve the kinetics under the same adsorption capacity(Badruzzaman et al., 2004; 
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Westerhoff et al., 2005). Considering that the contact time of carbon block (CB) in Point 
of use (POU) system is less than one minute, the impregnation of nano-sized materials 
into CB can enhance the adsorption ability in shorter contact time.  
 CB technology is widely used technologies in the Point-Of-Use (POU) drinking 
water treatment and CB is usually manufactured under high heat and pressure using 
extrusion molding. CBs will be fabricated through nanomaterials blending technology 
(CB tech, 2016a; Lau et al., 2005). Thus, nano-enabled CB should be safe before its 
commercial use. Nanomaterials blended in CB technology should consider its release to 
water since an exposure of nanomaterials in drinking water can affect human health. At 
the same time, loss of nanomaterial in a CB should be considered to keep constant 
removal efficiency of pollutants during a CB life.  
 The objective of this chapter was to verify whether the pre-heating or the size of 
metal oxides or IXE resin can affect the adsorption capacity of targeted contaminants. 
Heating is important because during the CB manufacturing process temperature of 150
 o
C 
to 200
 o
C will occur for 1 to 10minutes. This temperature needs to melt a binder and 
melted binder serves to hold activated carbon and other additives together in a mold. 
Single-point adsorption batch tests were conducted with sorbents pre-incubated at 
temperatures ranging from 80 to 500
 o
C and IXE pre-heated at 200C after cryogenic 
crushing. Ti or Fe release from metal oxides was investigated. Adsorption capacities of 
media from batch tests were compared with those from the column test results. Finally, 
mass loading % of nanomaterials was calculated to figure out how much of nanomaterials 
will be required in CB manufacturing process to satisfy the removal efficiency of targeted 
pollutants and lifetime of CB product at the same time. 
 143 
6.2 MATERIALS AND METHODS   
6.2.1 Materials used for preheating effect on As(V) adsorption  
 Table 6.1 summarizes media selected for the study. E33 and Mestsorb metal 
oxides media were previously studied in Chapter 5. E33 and Mestsorb were crushed 
using a pestle and mortar and then washed with deionized water to remove a dirt or other 
contaminants. The ground media were separated by sieving with a U.S. Standard mesh no 
140×170 (105~88um) to make the average particle radius of 0.0049 cm. The sieved 
materials were preheated at various temperatures with 80
 o
C, 150
 o
C, 200
 o
C, 250
 o
C, 350
 
o
C, and 500
 o
C for one hour.  
 Two iron media and one titanium media were used: food grade iron, nanoporous 
iron oxides, and food grade titanium. The food grade iron products used in this test were 
Y5102 and Y5108 from CATHY industries. Y5102 and Y5108 are the synthetic high 
purity yellow iron oxide (göethite, α-ferric oxyhydroxide) with more than 60% of iron 
contents and they were developed for cosmetic, food and pharmaceutical applications. 
The difference between two materials is their surface area. The surface area of Y5102 
(14.5m
2
/g) is a little higher than that of Y5108 (11.5m
2
/g)(Cathy industries, 2016a, 
2016b). Two nanoporous iron oxides provided by Engineered Data are dry granular 
media and consist of 100% of Fe2O3 with many micro and meso porosities(Engineered 
Data, 2016). Tioxide purity 71 from HUNTSMAN was also applied as a food grade 
titanium media which are used in the food industry. It is a pure and dry milled anatase 
pigment and it contains more than 99% of TiO2 with its size of 0.2um(HUNTSTMAN, 
2016). Five materials were preheated for the single point adsorption batch test at 200C for 
one hour. 
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Table 6.1. Summary of test methods 
Test purpose Test water Media Methods to prepare media 
Preheating 
effect 
Nanopure water 
with 3mg/L of 
As(V) 
E33 
Metsorb 
Grinding 
Preheat at 80, 150,  
200, 250, 350, 500C 
(25C: As received) 
Preheating 
effect 
Nanopure water 
with 3mg/L of 
As(V) 
Food grade Fe2O3 
Food grade TiO2 
Fe2O3 
As received 
Preheat at 200
 
C 
(25C: As received) 
Preheating & 
size effect 
Nanopure water 
with 1mg/L of 
Cr(VI) 
SIR700 (IXE) 
Food grade TiO2 
Cryogenic grinding 
As received 
Preheat at 200
 
C 
(25C: As received) 
 
 
6.2.2 Materials for Cr(VI) adsorption 
 The impact of crushing and preheating on adsorption efficiency of Cr(VI) was 
evaluated using different nanomaterials than for As(V). SIR 700 (Anion exchange resin, 
Resintech) and food grade TiO2 (Tioxide purity 71, Huntsman) were used (Table 6.1). 
SIR used in the crushing effect on adsorption capacity adopted a cryogenic grinding 
instrument (SPEX SamplePrep 6870 Large Freezer/Mill) because IXE resins are so soft 
that IXE pores can be collapsed in a wet grinding with pestle and mortar.  
 Liquid nitrogen was collected in a 20L of Dewar and loaded in a Freezer/Mill. 
After selecting the vial and impactor, sample and impactor were loaded in the vial with 
50% of volume. The vial was placed in the vial opening and locked with the gate and the 
gate handle. The parameters such as a number of cycles, pre-cool and runtime, and rate of 
impactor were set up using a program in a Freezer/Mill. After the grinding has stopped, a 
vial was taken out and let at room temperature for 15~30 minutes. The final sample was 
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collected after opening a vial. The number of cycles, grinding runtime, the types of the 
impactor, and rate of the impactor was changed to achieve the smaller size of IXE. 
During an instrument operation, it was observed that ground IXE resins formed 
agglomeration, which may degrade the efficiency of the cryogenic grinding method. To 
solve this problem, heat drying and freeze-drying with as received IXE were applied as 
the pre-treatment of the cryogenic grinding process. Heat drying was performed in an 
oven at 105
 o
C overnight while the freeze-dry method was conducted with Freezon 6 
from LABCONCO for 24hours (-80
 o
C, 0.02mbar).  
 Table 6.2 summarizes the size of four prepared IXE resins through pre-treatments. 
The sizes of the IXE resins from the cryogenic grinding method were analyzed by 
Dynamic Light Scattering (DLS) method using ZetaPALS from Brookhaven Instrument 
and each size of virgin IXE resin and food grade TiO2 was obtained from the buyer`s 
information. Table 6.2 shows that the media sizes of ground IXE resins were ranged 
0.42~0.48um while the size of initial IXE resin was distributed from 297 to 1410um. All 
prepared media were preheated at 200C for one hour and store them in the desiccator 
before the adsorption batch test. 
 
Table 6.2. Size of materials prepared for Cr(VI) adsorption capacity tests 
Media 
SIR 700 (Anion exchange resin)  Food 
TiO2
2)
 Virgin
2)
 Freeze dry
1)
 Heat dry
1)
 No treatment
1)
 
Size (um) 297~1410 0.44 0.48 0.42 0.2~0.3 
 
1) Size of IXE was analyzed by DLS method 
2) Size of virgin IXE and food TiO2 was obtained from buyer`s brochure 
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6.2.3 Test waters and Isotherm batch test 
 Table 6.1 summarizes the concentration of As(V) and Cr(VI). As(V) and Cr(VI) 
were spiked in the nanopure water with 0.1mM of HCO3
-
 buffer solution. The 
concentration of As(V) and Cr(VI) applied in the batch test was around 0.04mM (3 mg 
As/L) and 0.02mM (1 mg Cr/L). The concentrations used in the batch tests were applied 
to achieve the sufficient adsorption capacity of materials. For As(V) and Cr(VI), 
Na2HAsO4·7H2O (J.T. Baker chemical) and K2Cr2O7 (Sigma-Aldrich) reagents were 
spiked in the prepared nanopure water. 
 Single point adsorption isotherm batch tests were performed to estimate the 
adsorption capacity of As(V) and Cr(VI) for all prepared media since these tests were 
easy to compare adsorption capacities of several sorbents at the same time. All tests had 
triplicates to get more reliable data. Plastic bottles were soaked in 10% of nitric acid 
overnight, rinsed with deionized water three times, and dried in the oven at 60C overnight. 
For As(V) of adsorption batch test, 250mL of test water and 63mg of sorbents prepared at 
different heating temperatures were added in bottles. All prepared samples were placed 
on the horizontal shaker and agitated for 6 days to achieve complete equilibrium. After 
agitation, the samples were filtered by 0.45um of PTFE membrane (Fisherbrand) and 
stored them in the fridge after acidifying them with HNO3 for the following ICP-MS 
analysis. Samples from batch tests were analyzed for Fe and Ti to investigate the release 
of NPs from materials. For Cr(VI) of the adsorption capacity batch test, 250mL of test 
water and 6 mg of SIR 700 resins and food grade TiO2 were mixed in 250ml of bottles. 
The same procedure was progressed as mentioned in the single point adsorption batch test 
method of As(V).    
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6.2.4 Analytical methods 
 DLS method was adopted using ZetaPALS (Brookhaven Instruments Corp) to 
determine the size of differently prepared ground SIR 700. The samples were prepared by 
adding 30mg of each material sample in 30ml of nanopure water and sonicating for 15 
minutes to disperse homogeneously the particles of each sample. As(V), Cr(VI), Ti, and 
Fe were analyzed using a Thermo Fisher Scientific XSeries 2 quadrupole ICP-MS and 
Cetac ASX-520 autosampler. The pH and temperature of samples were checked with the 
electrode (9107BNMD) and meter (Orion H0858) from Thermo Scientific.  
 The adsorption capacity of each medium was calculated with the following 
method. First, the mass of pollutant (μg) removed in the batch test was calculated by 
subtracting the contaminant of the effluent water (Ce, μg/L) from the contaminant of 
influent water (C0, μg/L)  and then multiplying test water volume (L) (EQN 6.1). 
Adsorption capacity (q, μg/g) was obtained by dividing the removed mass of pollutant 
(μg) with a mass of adsorbent (g) (EQN 6.2). Adsorption capacities from batch tests were 
also utilized to calculate the mass loading % of nanomaterials for nano-impregnated CB 
production.   
      Mass of pollutant removed (μg) = (C0–Ce) (μg/L)×test water volume (L)      (EQN 6.1)   
 
                                
                              
                           
                                      (EQN 6.2) 
where C0: pollutant concentration of test water (μg/L), 
                          Ce: remained pollutant concentration after the batch test (μg/L) 
                          q: adsorption capacity (μg/g) 
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 Paired two sample Student’s t-tests were conducted to compare two analytical 
data. The paired t-test explains whether, at some confidential level, the average difference 
between paired two samples is significantly different. A null hypothesis and an 
alternative hypothesis are defined and the test provides evidence to accept or reject the 
null hypothesis. The null hypothesis (H0) defines that there is no difference between the 
compared samples, i.e., μ1 - μ2 = 0, where μ indicates the sample mean. The alternative 
hypothesis (H1) assumes that the difference between two samples is different, i.e., μ1 - μ2 
≠ 0. The t-value is calculated as:  
  
      
     
                                                    (EQN 6.3) 
 Where x d is the sample mean difference, μ0 is the mean value defined by the null 
hypothesis (μ0 = 0), S is the standard deviation of the sample and n is the number of 
samples in the data set. A probability of p-value can be obtained in t distribution table 
using the calculated t-value and degree of freedom (n-1). The significance level (α) was 
0.05 in the statistics. The null hypothesis is rejected if p < 0.05, which means that two 
data are considered statistically significant. If p > 0.05, there is not enough evidence to 
reject the null hypothesis, which indicates that two compared data are considered as 
statistically similar(Brunel, 2007; Daya, 2003). The more detailed methods and examples 
of paired t-test are explained in Appendix B. 
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6.3. RESULTS AND DISCUSSION 
6.3.1. Preheating media impacts As(V) adsorption capacity 
 The motivating research question is: does different heating temperature change 
the characteristics of materials and influence As(V) removal?  
 Figure 6.1 shows the color change of E33 and Metsorb after preheating at various 
temperatures with 80
 o
C, 150
 o
C, 200
 o
C, 250
 o
C, 350
 o
C, and 500
 o
C. The color of E33 
was changed from brown to dark brown and black while that of Metsorb turned to yellow 
and back to white as a heating temperature increased. Table 6.3 summarizes potential 
crystal structure depending on color change for virgin and preheated media. The structure 
of virgin E33 consisted of goethite with poorly crystalline structure, whereas it has 
changed into the more crystalline structure of hematite and magnetite with higher 
temperature exposure (Jang et al., 2008; Streat et al., 2008). On the other hand, titanium 
dioxide is present in three modifications of rutile, anatase, and brookite. Rutile is in stable 
form while anatase and brookite are metastable and transform to rutile upon 
heating(Kolen’ko, Yurii et al., 2003). Preheating process of Metsorb turned anatase into 
brookite and rutile as temperature increased and more than 350C of temperature formed 
anatase again. 
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Figure 6.1. Pictures of E33 and Metsorb media after one hour of preheating process at 
various temperatures 
 
Table 6.3. Summary of potential structure of iron and titanium depending on the color of 
virgin media and pre-heated media 
Media Virgin Media Pre-heated media 
E33 
(Fe based) 
Fe2O3>70% 
goethite: α-FeO(OH) 
Brownish 
Hematite: α-Fe2O3 
Bright/dark red 
Magnetite: Fe3O4 
Black 
Metsorb 
(TiO2 based) 
Anatase: white 
Brookite: white 
greyish/yellowish 
Rutile: red 
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 Figure 6.2 shows the results of As(V) adsorption capacity of E33 and Metsorb. 
The As(V) adsorption capacity of E33 remained similar (9400~10300μg As/g E33) for 
pre-condition temperature between 25 to 250C, but the was decreased to 8200 and 
5300μg As/g E33 at 350C and 500C, respectively. Thus, the iron sorbent structure at high 
temperature becomes more crystalline and it has lower surface areas than amorphous 
form, which results in a decrease of As(V) adsorption capacity. As(V) adsorption 
capacity of Metsorb at 200C was 9300μg As/g Metsorb and similar at 25~250C 
(8000~9300μg As/g Metsorb), while the adsorption capacity of Metsorb at 500C showed 
the lowest with 5100μg As/g Metsorb.  
 As(V) adsorption capacity on E33 was higher than Metsorb at the same pre-
conditions of temperature (p<0.05). This is because the pHzpc of E33 is 8.3 while that of 
Metsrob is 4.7(Amy et al., 2005). Electrostatic attraction of anionic species is favored 
onto positively charged surface sites. Proportionally more positively charged surface sites 
occur as pH levels are getting lower than pHZPC(Westerhoff and Benn, 2008). Based on 
7.3~8.2 of pH condition in this test, the surfaces of E33 are more positively charged than 
those of Metsorb, which means negatively charged As(V) is easy to be attracted on the 
surface sites of E33.  
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Figure 6.2. Comparison of As(V) adsorption capacity of E33 (iron-based) and Metsorb 
(titanium based) at different pre-heating temperatures 
 
 
Figure 6.3. Comparison of As(V) adsorption capacity of various materials at with or 
without 200C of pre-heating process 
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 Figure 6.3 shows the As(V) adsorption capacity with two types of food grade 
iron, food grade TiO2, and two nanoporous iron oxides (Fe2O3-1 and Fe2O3-2) with 
versus without 200C of the heating process. 200C is a common temperature used for CB 
manufacturing process. The adsorption capacities of two nanoporous Fe2O3 materials was 
11400μg As/g media. However, two food grade iron materials and food grade TiO2 was 
much lower at 1300~1700μg As/g media and 520μg As/g media, respectively. There was 
no significant difference in As(V) adsorption capacity without heat or with 200C of heat 
(p>0.05).  
 The pH of the test water is very important since As(V) adsorption capacity is 
also increased at low pH condition due to dominated species of arsenic(Chen et al., 2007). 
The pH was 7.5 ~8.0 in the batch test with E33, while the batch test with nanoporous 
materials was performed at 5.0~5.6 of pH. Thus, nanoporous materials at lower pH 
achieved higher As(V) adsorption capacity than that E33 media (9400μg/g). 
6.3.2 Size and preheating (200C) effect on the adsorption capacity of Cr(VI) 
 Figure 6.4 shows the results of single point adsorption batch test depending on 
preheating or size of materials. There was no significant change in Cr(VI) adsorption 
capacity regardless of the crushing or heating preparation (p>0.05). The Cr(VI) 
adsorption capacity of the virgin IXE resin was 39800 and 39400μg Cr/g media with and 
without pre-heating to 200C, respectively. The Cr(VI) adsorption capacity of IXE resins 
with small size was between 39200 and 39900μg Cr/g media before pre-heating and 
200C of pre-heating achieved 37900~39200μg Cr/g media of Cr(VI) adsorption capacity. 
However, food grade TiO2 achieved much lower Cr(VI) adsorption capacity at 
100~200μg Cr/g media regardless of with or without heating (200C).  
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 Table 6.4 compares the Cr(VI) adsorption capacities in this study with 
information from the supplier(Resintech, 2016) performed under various test conditions, 
such as water matrix, initial Cr(VI) concentration, and pH condition. The Cr(VI) 
adsorption capacity increases at higher initial Cr(VI) concentration and lower pH. 
 
 
Figure 6.4. Comparison of Cr(VI) adsorption capacity of various materials depending on  
200C of pre-heating process and different sizes: IXE was ground cryogenically after 
freeze-dry or heat-dry. 
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Table 6.4. Comparison of Cr(VI) adsorption capacity from this study and SIR 700 
brochure at the different matrix, initial Cr(VI) concentrations, and test pH conditions  
 
Test conditions Adsorption 
capacity 
(μg Cr/g IXE) Matrix Cr(VI)0 (mg/L) pH 
This Study DI water 1.0 6.0~6.7 38,000~40,000 
SIR 700 
Brochure 
Groundwater 10~20 4.0~5.0 125,000 
Groundwater 0.2 7.0~8.0 5,000 
 
 
6.3.3 Fe and Ti release from media 
  Figure 6.5 shows the concentration of Fe and Ti of E33 and Metsorb prepared at 
different heating temperatures. Approximately 100~330μg/L of Fe was detected in all 
tested E33 while 4~82μg/L of Ti was released from Metsorb. The concentration of Fe of 
Metsorb and Ti of E33 were excluded from Figure 6.5 because Fe concentration of 
Metsorb was 3~13μg/L and Ti concentration of E33 was not detected. An increase of 
heating temperature in E33 decreased the released Fe concentration, which may be the 
result of increasing crystallinity at a higher temperature.  
 Table 6.5 shows the results of Fe and Ti concentration of two nanoporous Fe2O3, 
two food grade Fe, and food grade TiO2 at with or without 200C of pre-heating. A 
3500~10075μg/L of Fe was released from two virgin nanoporous Fe2O3, while 
5~417μg/L of Fe was detected for pre-heated nanoporous Fe2O3 at 200C. Preheating 
process at 200C changes the structure of Fe which is more stable in water and it caused 
less Fe release from media. The Fe concentration from two food grade iron and food 
grade TiO2 was 0.2~6.7μg/L. Ti concentration from food grade TiO2 was around 100μg/L 
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regardless of with or without 200C of pre-heating, whereas other materials did not detect 
Ti from water samples. 
 
 
Figure 6.5. Fe concentration of E33 and Ti concentration of Metsorb using samples after 
batch tests at various heating temperatures 
 
Table 6.5. Fe and Ti concentration from As(V) adsorption batch test samples performed 
with five types of sorbents at with or without 200
 o
C of the heating process 
 Pre-treatment 
Media 1 
(Fe2O3) 
Media 2 
(Fe2O3) 
Food 
grade Fe 
(Y5102) 
Food 
grade Fe 
(Y5108) 
Food 
grade  
TiO2 
Fe 
(μg/L) 
No heating 3500 10,075 6.7 3.0 0.2 
Heating at 200
 o
C 417 5.0 1.2 3.1 1.7 
Ti 
(μg/L) 
No heating 0 0 0 0 105 
Heating at 200
 o
C 0 0 0 0 107 
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6.3.4 Nanomaterial mass loading (%) to optimize carbon block products 
 Using adsorption capacities of nanomaterials, the mass ratio of nanomaterials to 
CB was calculated to remove As(V) and Cr(VI). Adsorption capacities from batch 
isotherm tests were used to estimate nanomaterials loading with influent concentrations 
for As(V) and Cr(VI) of 30μg As/L and 200μg Cr/L. The carbon block was designed to 
treat 5000 L, and the total mass of the carbon block product was based on 500g. The 
adsorption capacity of As(V) and Cr(VI) in each nanomaterial for mass loading 
calculation was used with values at the 200
 o
C of the heating process.  
 Table 6.6 summarizes the mass loading % of the nanomaterials required for the 
production of one CB. Each mass loading % was obtained by the following simplified 
equation (EQN 6.4). 
                       
                     
  
 
 
  
           
             
                   
             (EQN 6.4) 
 For As(V) removal, the mass loading for E33 and Metsorb was 3%, and only 
slightly lower (2.6%) for two nanoporous Fe2O3. In contrast, two types of food grade iron 
required 23% and 18% of mass loading, respectively, which indicated that a large number 
of nanomaterial should be required in the CB production process. Food grade TiO2 
needed about 58% of mass loading for As(V) removal and it was difficult for this 
nanomaterial to apply to CB technology.  
 For Cr(VI) removal, IXE required about 5% of mass loading to treat 200ppb of 
Cr(VI) in target water. However, the required mass loading % of food grade TiO2 was 
more than 100%, which indicates that nanomaterial mass exceeds total mass of CB 
(500g) because of its low adsorption capacity.  
 158 
Table 6.6. Summary of mass loading percent of nanomaterials to treat As(V) and Cr(VI) 
based on one CB manufacturing process  
Target  
pollutant 
Materials Water matrix 
q 
(μg pollutant/ 
g media) 
Media mass 
required (g) 
Required 
media % in CB 
(Based on 500g) 
As(V) 
E33 
Nanopure water 
with 3mg/L of 
As(V) 
9,400 16 3% 
Metsorb 9,300 16 3% 
Fe2O3 -1 11,400 13 3% 
Fe2O3 -2 11,400 13 3% 
Food grade Fe 
(Y5102) 
1,300 115 23% 
Food grade Fe 
(Y5108) 
1,700 90 18% 
Food grade 
TiO2 
520 290 58% 
Cr(VI) 
SIR 700 Nanopure water 
with 1mg/L of 
Cr(VI) 
39,200 32 5% 
Food grade 
TiO2 
130 9,620 >100% 
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 Figure 6.6 illustrates the predicted nanoparticle loading % in one CB fabrication 
to meet the legal As(V) and Cr(VI) standard of effluent treated at given treated volume 
(L) depending on the adsorption capacity of each nanomaterial. Assuming that maximum 
loading percentage of nanomaterials in one CB is less than 20% which of this ratio might 
not deteriorate the performance of existing CB before nanomaterial addition and target 
treated volume of CB is 5,000L, food grade TiO2 and food grade Fe could not satisfy this 
goal. However, E33, Metsorb, two nanoporous Fe2O3 and IXE could achieve more than 
5000L of treated volume. This developed graph can be utilized with important 
information for a design of nanoparticle impregnated CB.  
 Since the adsorption capacity may vary depending on the water quality even if the 
same material will be applied to CB technology, it is necessary to determine the 
adsorption capacity of the target contaminants through the batch or column test before 
determining the amount of the nanomaterial incorporated into CB. Mass loadings were 
8~12% for E33 and 14~20% for Metsorb when As(V) adsorption capacity was used from 
column tests in As(V) spiked tap water. However, mass loading of E33 and Metsorb at 
As(V) spiked nanopure water required 3~4 times and 5~6 times less than the column test 
results. This might happen due to the difference in water matrices and test conditions 
such as pH and initial concentration. The synthetic test water did not contain other ions 
that could compete with As(V) for adsorption sites of nanomaterials compared to tap 
water. Anions such as sulfates, phosphates, and silicates can interfere in the removal of 
arsenic species(Nguyen et al., 2011a; Vitela-Rodriguez and Rangel-Mendez, 2013).  
 
 160 
 
Figure 6.6. Predicted nanoparticle loading % in one CB fabrication at treated volume (L) 
depending on the adsorption capacity of each material 
 
 
6.4 SUMMARY AND CONCLUSION 
This research observed the following trends: 
 Applying heating temperature of 25~250 oC did not show a significant difference 
in As(V) adsorption capacity of E33 (9400~10300μg As/g E33) and Metsorb 
(8000~9300μg As/g Metsorb). The adsorption capacity of E33 and Metsorb 
decreased at > 350
 o
C of the heating process. Considering that temperature in CB 
manufacturing process is about 200
 o
C, the heating process does not decrease 
As(V) adsorption capacity in CB fabrication process. 
 Two nanoporous iron oxides, two food grade iron media, and food grade TiO2 
showed no significant difference of As(V) adsorption capacity regardless of the 
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conditions without heat or with 200
 o
C of the heating process. The adsorption 
capacity of nanoporous iron oxides was 11400mg As/g, whereas, food grade iron 
and titanium showed low As(V) adsorption capacities with 1500mg As/g and 
500mg As/g. 
 Crushing and heating preparation of IXE did not significantly affect the adsorption 
capacity of Cr(VI) (37900~39200mg Cr/g). 
 Mass loading % for As(V) removal was the same 3% for E33 and Metsorb, and 
2.6% for nanoporous iron oxides. In contrast, food grade iron and food grade 
titanium required 18% and 58% of mass loading. 
 The 5% of mass loading of IXE was required for 200ppb of Cr(VI) removal, which 
is very reasonable loading % in CB fabrication process. Food grade titanium had 
more than 100% of mass loading, which exceeded total mass of CB.  
 Overall, pre-heat or crushing materials cannot affect their adsorption capacity of 
As(V) or Cr(VI). Therefore, it will be good to heat nanomaterials during carbon 
block fabrication process.  
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CHAPTER 7 
DEVELOPMENT OF MINI CARBON BLOCK APPARATUS AND VERIFICATION 
TEST TO SIMULATE A PERFORMANCE OF FULL SCALE OF CARBON BLOCK 
 
Research question: Can a small scale apparatus be designed to test mini carbon block 
cores from actual carbon block matrices? 
 
7.1 INTRODUCTION 
 Point Of Use (POU) water treatment systems have been applied extensively for 
decades to solve water quality problems of individual homes in many countries(Peter-
Varbanets and Pronk, 2006). According to the Freedonia Focus Reports (The Freedonia 
Group, Inc), the market of POU in the United States is expected to grow by 5.3% to $ 930 
million by 2017(The Freedonia Group, 2014). 
 POU devices on the market today rely on various types of basic technologies: 
carbon block filter, ion exchange, membranes (MF, NF, RO), and ultraviolet 
radiation(Silverstein, 2006). Among many POU devices, carbon block (CB) is one of the 
most effective and widely used technologies in the POU drinking water treatment. 
Carbon block filters go beyond the aesthetic improvement of water by reducing 
particulates, cysts, lead, volatile organic chemicals (VOCs), and other 
contaminants(Campos and Büchler, 2005; CB tech, 2016a). CBs can be fabricated to 
remove multiple chemical contaminants from the water by mixing other additives with 
activated carbon, which is regarded as a blending technology to remove special 
contaminant(Lau et al., 2005).  
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 POU treatment devices should meet drinking water standards by EPA guidance 
and regulations, third-party certification by the National Sanitary Foundation (NSF) 
International, standards from the American National Standards Institute (ANSI), and 
federal laws and state involvement(US EPA, 2006b). NSF/ANSI Standard describes 
minimum requirements for POU drinking water treatment systems. Testing standards 
dictate the sample water characteristics, levels of commonly occurring minerals, and 
procedures including testing and sampling methods. The performance of CB filter can be 
evaluated by laboratory testing standards developed from NSF/ANSI Standards 42 and 
53. Standard 42 references filters for a removal of aesthetic contaminants (e.g., chlorine, 
taste and odor), and Standard 53 explains filters to reduce levels of contaminants of 
health concern (e.g., lead and arsenic)(CB tech, 2016a, 2016b; Lau et al., 2005; NSF 
International Standard, 2017). Several studies were conducted for performance tests with 
POU devices(Annie Carrière , Manon Brouillon , Sébastien Sauvé, 2011; Lau et al., 2005; 
Vandyke.K and Kuennen, 1985). 
 Performance test of the CB filter according to the NSF standard requires a large 
amount of test waters and a large space for installing the test equipment such as tank, 
pump, and pipelines. Performing test water is costly because of chemical usage to make 
model waters from deionized water and a huge amount of chemical wastes. 
 The main objective of this chapter is to develop and validate a small scale lab 
device for CB performance tests. First, several designs for mini CBs were considered and 
one selected that minimizes short-circuits. Second, breakthrough curves were evaluated 
for inorganic and organic pollutants. Third, mini CB was compared with a full scale of 
CB under the same test water.  
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7.2 MATERIALS AND METHODS   
7.2.1 Mini carbon block test apparatus 
 Figure 7.1 illustrates a flow diagram of the mini CB test set-up. It consists of a 
test water container, pump and a digital timer, a flow dampener, a pressure gauge, a mini 
CB holder and lines. The 55 gallons of the barrel was used as a test water container. To 
prepare the test water, tap water or deionized water with the chemicals was mixed in a 
container, and then the test water was stirred uniformly using a mechanical mixer. Piston 
pumps (FMI, QG50) were utilized to feed test water to CB holder and a digital timer 
(Intermatic) with two plugs was installed with the pump for the simulation of the on-off 
system. A dampener was used to keep a plug flow of test water from a piston pump, and a 
pressure gauge was installed to monitor the back pressure of the CB. A CB holder to hold 
a prepared mini CB was equipped and the test water flowed from bottom to top. The 
effluent samples were collected to analyze the required water quality. 
 
 
Figure 7.1. A flow diagram of the mini CB test set-up  
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        (a) Commercially available CB                              (b) research purposed CB 
Figure 7.2. Commercially available carbon block and research purposed carbon block 
 
7.2.2 Preparation methods of mini carbon block 
 Figure 7.2 shows commercially available CBs and specially fabricated CBs made 
in an industrial partner (Amway). Figure 7.3 explains the mini CB preparation process. 
The full-scale CB was cut through the cutting machine (Bandsaw, JET) and then drilled 
out using a Drill press (JET) equipped with a hole-saw to get 32 mm diameter of mini CB. 
Two methods of a hole-saw and a water jet/laser were considered for coring out process. 
Table 7.1 explains the advantages and disadvantages of the two cutting methods. The 
water jet or laser cutting method is used to obtain different sizes and shapes of mini CBs, 
but it is very expensive because it needs professional company. On the other hand, the 
hole-saw does not get the desired sizes or shapes of mini CB, however, this method was 
finally chosen because it is cheap and ready to conduct in the ASU lab. The thickness, 
diameter, and mass of mini CB were measured with calipers and scale because they were 
used to determine operating parameters by scaling down the full-scale CB to a lab scale 
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of mini CB. CB from industry partner was prepared for methylene blue test and 
chloroform test, and As(V) test was performed with a CB from South Korea.  
 
 
 
 
↓ 
 
 
 
↓ 
 
Bandsaw 
(carbon block 
cutting) 
Full-scale CBs  →  
1inch thickness of 
CBs 
Drill Press 
(Core drilling) 
1inch thickness of 
CBs → 32mm of 
mini CBs 
  
Figure 7.3. Processes of preparing mini carbon block  
 
Table 7.1. Comparison of two cutting method to prepare mini carbon block  
Cutting methods Advantages Disadvantages Figure 
Wood cutting tools 
(hole saw) 
Easy and fast.  
Inexpensive. 
Be done at ASU lab. 
Human errors can lead to 
different dimensions. 
Limited shapes and sizes 
 
Waterjet/ laser 
cutting 
Accurate, different sizes 
and shapes. 
Not available at ASU. 
Costly and needs CAD 
design. 
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7.2.3 Mini carbon block device test method 
 Table 7.2 shows an example of design features for a mini CB. Based on a full 
scale of CB, mini CB decreased proportionally 56 times of flow rate (ml/min) and 
volume treated (L). The bed volume (L/L), empty bed contact time (EBCT, second), and 
operating time (hours) were the same in both full scale and lab scale of CB operation 
conditions.  
 
Table 7.2. Example of design features for a mini CB 
Parameters unit Full scale Lab scale 
Picture - 
 
 
Thickness mm 25 25 
Height mm 150 - 
Diameter(OD) mm 110 32 
Diameter(ID) mm 50 - 
Volume of carbon block cm
3 
1130 20 
Flow rate ml/min 3400 60 
Volume treated L 5000 90 
Bed volume L/L 4423 4423 
EBCT seconds 20 20 
Running time hr 25 25 
Surface loading rate ml/cm
2․min 6.6 to 14.4 7.5 
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7.2.4 Preparation of test waters  
 Table 7. 3 summarize the mini carbon block tests performed in this research.  
The mini CB apparatus as an alternative to the full-scale CB was evaluated with 
methylene blue, chloroform, and arsenic.  
 Methylene blue hydrate from Fluka was added to deionized water for CB holder 
sealing test and methylene blue breakthrough test. A 0.1~0.25 cm
-1
 and 2.4 cm
-1
 of 
methylene blue were applied for CB holder sealing test and performance test, respectively 
(Table 7.5). A sealing test of mini-CB inserted holder was also conducted with deionized 
water to inspect channeling problem with naked eyes.  
 Chloroform and As(V) as model contaminants were used to verify if mini CB 
apparatus simulates the full-scale CB test results. CBs from an industrial partner and 
South Korea were used in chloroform and As(V) removal tests. To prepare chloroform 
test water, 10,000ppm of chloroform stock solution was made by dissolving a 0.7ml of 
chloroform (EMSURE ACS, ISO) in methanol with total volume of 100ml. Test water 
with 300~350ppb of chloroform was prepared by spiking 6ml of 10,000ppm chloroform 
in 200L of dechlorinated tap water or deionized water. For As(V) performance simulation 
test, 500ppm of As(V) stock solution was prepared by adding 75mg of Na2HAsO4·7H2O 
(J.T. Baker chemical) in 100ml of deionized water. The 100ppb of As(V) of test water 
was prepared after spiking stock solution to dechlorinated tap water. The pH of test water 
was also adjusted at 6.5 with HNO3 to get the same condition as manufacturer suggested. 
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Table 7.3. Summary of mini carbon block tests in this research 
Purpose Model contaminants 
Mini CBs used  
in the test 
Analysis 
CB holder sealing 
test 
Deionized water with 
0.1~0.25 cm
-1
 MB 
CB from industry 
partner 
Methylene 
blue 
Performance test 
Deionized water with 2.4 
cm
-1
 MB 
CB from industry 
partner 
Methylene 
blue 
Performance test for 
simulation of full-
scale of CB 
Tap water or deionized 
water with 300ppb of 
chloroform  
CB from industry 
partner 
Chloroform 
Tap water with 100 ppb 
of As(V) at pH 6.5 
CB from South Korea As(V) 
Simulation test with  
full-scale CB & mini 
CB on the spot 
Tap water with 100 ppb 
of As(V) at pH 7.5 
CB from South Korea As(V) 
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7.2.5 Full-scale and small-scale CB performance test 
 Figure 7.4 illustrates the performance test apparatus of full-scale CB and mini 
CBs. The full scale of CB was fabricated for As(V) removal in South Korea and mini 
CBs were obtained from the same full-scale CB. Tap water was used as a test water. A 
10mg/L of As(V) solution was prepared for a continuous spiking in a tap water. Dosing 
pump (LE02SA, PULSE FEEDER) transported the As(V) solution from a tank to the 
inline mixer. As(V) spiked test water was distributed to full-scale CB and mini CB using 
each flow meter and control value. The pressure gauges were installed between full-scale 
CB filter and one pressure gauge was placed after mini CB. The operational conditions 
(flow rate, pressure) and water quality (pH, EC, temperature, turbidity) were monitored 
and recorded every sampling time.  
 Total treated volume was 14000L for a full scale of CB and 240L for one mini CB, 
which corresponded to 25000 BVs. The EBCT was 34 seconds and the total test period 
was 10 days.  
 
 
Figure 7.4 Performance test apparatus for full-scale CB and mini CBs  
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7.2.6 Analytical methods 
 The absorbance of methylene blue was measured at 664 nm using a Hach DR 
5000 (Hach Company, Loveland, Colorado), respectively. The pH was measured with the 
electrode (9107BNMD) and meter (Orion H0858) from Thermo Scientific. The analysis 
of As(V) was conducted with a Thermo Fisher Scientific XSeries 2 quadrupole ICP-MS 
and Cetac ASX-520 auto-sampler. Before an ICP-MS analysis, the collected samples 
were stored in the fridge after acidifying them with pure HNO3. Chloroform was 
analyzed by Gas Chromatography-Mass Spectroscopy (3800GC-320MS) from SCION 
Instruments and Purge·Trap from Tekmar(EPA, 2006; Munch, 1995; Purgeables, 1984). 
For GC/MS analysis the samples were collected in 40 mL glass vials with headspace free. 
 
7.3. RESULTS AND DISCUSSION 
7.3.1 Comparison of two types of mini carbon block holder 
 Table 7.4 shows a comparison of two mini carbon block holders. The PVC pipe 
CB holder was fabricated by fixing the sockets in PVC pipe with an epoxy glue, and the 
brass CB holder was manufactured by the machining company according to design 
drawings. For the PVC pipe CB holder, mini CB was inserted into a 35mm of PVC pipe 
applying glue continuously until the mini CB was fixed tightly in the pipe. This method is 
less costly, but it spends more than three days to make one mini CB and it is not reusable 
because of use of glue.  
 To solve the problems, brass CB holder was developed. Figure 7.5 illustrates the 
dimensions of brass CB holder fabricated by a mechanic. Although its cost is a little 
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expensive, it requires less than 30 minutes to prepare one mini CB and all parts are 
reusable continuously.  
 
Table 7.4. Comparison of two types of mini carbon block holders 
 PVC pipe holder Brass holder 
Picture 
        
Preparation 
- Mini carbon block can be inserted 
into PVC pipe using glue 
- Connect sockets and tubes 
- Mini carbon block can be put into 
the brass carbon holder adjusting the 
size of carbon block with a sand filter 
- Connect tubes 
Pros & cons 
- Cheap, but Not reusable 
- Take longer time to prepare  
( > 3 days) 
- Expensive, but Reusable 
- Spend short time to prepare  
( < 30min) 
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Figure 7.5. Design drawings of brass carbon block holder 
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7.3.2 Sealing test of mini carbon block in a holder 
 It is very important that the mini CB is completely placed in the CB holder and the 
test water passes through the entire volume of the mini CB without any channeling 
between the CB and brass holder. The channeling in CB holder indicates that influent 
water tends to flow to the low resistance side and it leads to a significant reduction of the 
removal efficiency of the target contaminant because of a decrease of EBCT. 
 The channeling phenomenon was visually inspected for mini CB in the holder by 
observing if water flowed out from the edge of CB holder. Since this method was not 
enough to confirm a complete inspection with naked eyes, sealing test with methylene 
blue solution was introduced to verify more scientifically CB fitting condition since 
methylene blue is a good indicator with blue color and easy to analyze.  
 Table 7.5 summarizes the results of sealing test with methylene blue solution. Pre-
tests were performed to compare two types of mini CB holders. Sealing tests were 
conducted before performance tests with MB, chloroform, and As(V). Pre-tests show that 
no observation of channeling problem achieved the 100% of MB removal regardless of 
CB holder types. PVC pipe CB holder with channeling had 0.095~0.105 cm
-1
 of MB 
(16~24% removal efficiency) in an effluent water based on 0.125 cm
-1
 of influent water, 
indicating that most of the MB were passed through the channeling area.  
 The first performance test with MB showed 78~94% of MB removal (Figure 7.5) 
at 0.9 cm
-1
 of initial MB even if sealing test achieved 100% of removal based on 0.2 cm
-1
 
of test water(Table 7.5). Thus, a higher concentration of MB was applied to subsequent 
sealing test. The test period was reduced to 3~5 minutes to minimize the effect of MB on 
the adsorption capacity of CB. The following sealing test achieved 100% of MB removal 
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at 2.4 cm
-1
 of influent water during 5 minutes of the test period (Table 7.5) and its 
performance test with MB achieved 100% MB removal during 4000 BVs (Figure 7.9). 
The other sealing tests during performance tests explained that channeling problem 
decreased MB removal in CB holder. The sealing test with MB is a useful indicator to 
check if mini CB is completely fitted and O-rings are well functioned in CB holder. 
Vandyke et al (1985) suggested that small quantity of methylene blue solution passes 
through the filter as assurance test(Vandyke.K and Kuennen, 1985). 
 
Table 7.5. Summary of sealing test results for mini CB holders with methylene blue  
Test 
CB holder 
type 
Test period 
(min) 
Channeling  
problem 
MB (cm
-1
) Removal 
(%) Influent Effluent 
Pre-test PVC pipe 15 Yes 0.13 0.09~0.1 16~24 
Pre-test PVC pipe 15 Yes 0.10 0.002 98 
Pre-test PVC pipe 15 No 0.23 0 100 
Pre-test Brass 15 No 0.23 0 100 
MB test-1 Brass 10 No 0.20 0 100 
MB test-2 Brass 5 No 2.4 0 100 
Chloroform test-1 Brass 5 No 0.70 0.003 99.5 
Chloroform test-2 Brass 5 Yes 2.42 0.03~0.1 96~99 
As(V) test -1 Brass 5 Not checked 0.22 0.001 99.5 
As(V) test -2 Brass 3 No 0.56 0 100 
As(V) test -3 Brass 3 No 0.68 0 100 
 176 
7.3.3 Methylene blue test 
 The performance tests with MB were carried out to evaluate mini CB apparatus. 
A 0.9 cm
-1
 of methylene blue was prepared for the first test while the second and third 
tests applied the higher concentration of methylene blue with 2.4 cm
-1
 to achieve the 
faster breakthrough curve.  
 Figure 7.6 shows the first methylene blue breakthrough curve for mini CBs at the 
continuous condition and 10 minutes of the on-off condition. The results did not achieve 
a complete breakthrough for MB solution at both conditions. In fact, the rapid initial, but 
partial MB detection (<500BVs) indicates channeling. The absorbance of MB was ranged 
0.05~0.3 cm
-1
, which corresponded to 70~94% of removal efficiency.  
 
 
Figure 7.6. Duplications of first methylene blue breakthrough curve for mini carbon 
blocks at continuous-flow condition and 10 minutes on-off condition (MB0: 0.9 cm
-1
) 
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 Figure 7.7 shows the breakthrough curve of the second methylene blue tests with 
three mini CBs (triplicates) for confirmation of the first test results. Based on 2.4 cm
-1
 of 
MB, the first CB and third CB showed 81.4~99.6% of MB removal efficiency as the 
same trend as the first MB tests, however, the second CB achieved the complete 100% of 
MB removal over 5,000 BVs. Assuming that it happened by channeling problem, 
channeling was observed by running the deionized water through three mini CBs in 
holders. Figure 7.8 shows pictures of each CB during an inspection test. The first CB and 
third CB were observed for channeling problems at the outer side of CB. It results in a 
quick discharge of MB to channeling portion and decrease of MB removal efficiency due 
to the dissatisfaction of designed EBCT. However, no air or water was observed in the 
second CB, which indicates that mini-CB was completely fitted to the holder. 
 
 
Figure 7.7. Triplications of second methylene blue breakthrough curves for mini carbon 
blocks at continuous-flow condition (MB0: 2.4 cm
-1
) 
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(a) The first CB                     (b) The second CB                (c) The third CB 
Figure 7.8. Pictures of each carbon block and holder inspection test 
 
 Finally, a MB test was conducted to verify the second test result (Figure 7.7). 
Figure 7.9 shows breakthrough curve of the third methylene blue. The pre-confirmation 
of no channeling phenomenon in mini CB achieved 100% of MB removal during 4,000 
BVs. Mini CB preparation should be confirmed with MB at high concentration and short 
test time after visual check since CB fitting process is very important in mini CB test.  
 
 
Figure 7.9. Third methylene blue breakthrough curve for mini carbon blocks in 
continuous condition (MB0: 2.4 cm
-1
) 
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7.3.5 Chloroform removal test  
 Chloroform is ubiquitous in all chlorinated tap waters as one of THMs species. 
Industry widely uses chloroform to evaluate the performance of CB since it is a surrogate 
of organics in NSF standard. Industry partner provided the performance test method and 
result with ASU research group. The chloroform breakthrough started at around 7,000 
BVs in tap water with 300ppb of chloroform.  
 Figure 7.10 illustrates chloroform breakthrough curve of two mini CBs 
(duplicates). As a pre-test, the first chloroform removal test was performed with 
deionized water with 350ppb of chloroform. The second CB achieved a more delayed 
breakthrough than the first CB, but both CBs did not reach a breakthrough at 7000BVs 
proposed by industry partner even if the deionized water was used as test water. This is 
because the fragility of CBs produced a couple of channeling problems in the first CB 
while only one channeling issue in the second CB. The soft CBs were not inserted tightly 
in mini CB preparation process. Figure 7.11 shows the back pressure change of two CBs. 
No back pressure difference of two CBs indicates that one channeling problem does not 
guarantee 100% of mini CB performance. 
 Figure 7.12 shows chloroform breakthrough of two mini CBs (duplicates) in tap 
water with 300 ppb of chloroform as industry partner evaluated. The breakthrough of the 
first CB occurred at 1500 BVs, but, that of the second CB happened at 7,000 BVs as the 
same value from industry partner, which indicates mini CB simulates a full scale of CB. 
In the mini CB preparation, the second CB was better fitted than the first CB and it leads 
to a higher back pressure of the second CB than the first CB (Figure 7.13). The complete 
fitting of mini CB in a holder is crucial to simulate the full scale of CB performance.  
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Figure 7.10. Breakthrough of chloroform for two mini carbon blocks in the first 
chloroform test (C0 = 350ppb) 
 
 
 
Figure 7.11. Back pressure of two mini carbon blocks in the first chloroform test 
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Figure 7.12. Breakthrough of chloroform for two mini carbon blocks in the second 
chloroform test (C0 = 290ppb) 
 
 
 
Figure 7.13. Back pressure of two mini carbon blocks in the second chloroform test  
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7.3.4 Arsenic removal test  
 Figure 7.14 shows arsenic breakthrough of mini CBs (duplicates) from Korea. 
The two mini-CBs achieved a much faster breakthrough than a full-scale CB 
breakthrough proposed by company which could treat up to 10000 liters (18000 BVs) of 
influent water with 100 ppb of arsenic. The sealing test with MB observed no channeling 
problem for two prepared CBs, but the mini-CBs did not achieve the breakthrough of the 
full-scale CB. Since the test waters are different, the performance between the full-scale 
CB and mini CBs may vary.  
 To prove this problem, full-scale CB and mini CB were tested simultaneously 
under the same conditions to compare the performance of them. Figure 7.15 illustrates the 
As(V) breakthrough curve of full-scale and mini CB. The similar trend of As(V) 
breakthrough was observed in full-scale CB and mini even if full-scale CB achieved 
longer 10μg/L of As(V) breakthroguh (2800BVs) than mini CB (2000BVs). Considering 
that mini CB can be affected by pressure or flow rate shift of influent water more than 
full-scale CB during the test, the breakthrough trend of both CBs shows the similarity. 
The comparison test between full-scale CB and mini CB indicates that the developed 
mini CB apparatus can simulate a full scale of CB performance. Thus, mini CB apparatus 
can be used to compare or screen many CBs simultaneously at the same test condition 
with less water and time to prepare than NSF test. 
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Figure 7.14. Breakthrough of arsenic for two mini carbon blocks (C0 = 116ppb) 
 
 
Figure 7.15. Breakthrough of arsenic for full-scale CB and mini CB  
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7.4 Summary and conclusion 
This research observed the following trends. 
 Mini CB apparatus was developed to conduct the performance test of the full scale 
of CBs. This device can save test water volume and lead to less waste production. 
 The sealing test of mini CB using naked eyes and MB solution could check if there 
was channeling problem in prepared mini CB. The 100% of methylene blue 
removal efficiency could be achieved by sealing CB holder perfectly. The sealing 
test with MB is a useful indicator to check if mini CB is completely fitted and O-
rings are well functioned in CB holder 
 Mini CB achieved 100% of removal in methylene blue test as channeling problem 
was solved by preparing mini CB perfectly. 
 The result of chloroform removal test showed that mini CB could simulate a full 
scale of CB performance by achieving a breakthrough at 7,000 BVs as the same 
value from an industry partner. 
 In arsenic removal test, the similar trend of As(V) breakthrough was observed in 
full-scale CB and mini CB, which means the developed mini CB apparatus can 
simulate a full scale of CB performance. 
  
 Appendix A describes a mini CB test protocol. It includes an application of mini 
CB test, determination of operation parameters, preparation of test water, mini CB set up 
method, apparatus set up and operation, and troubleshooting. This protocol is still a draft 
and it needs to be updated on the basis of experience and know-how obtained through 
continuous tests. 
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CHAPTER 8 
UNDERSTANDING SELF-ATTACHMENT FOR TWO MATERIALS THROUGH 
ELECTROSTATIC FORCES AT GIVEN PH CONDITION 
 
Research question: Can Au(+) or Au(-) nanoparticles be electrostatically attached to 
activated carbon? 
 
8.1 Introduction 
 Nano-enabled water treatment technology can offer the opportunity to decrease 
the size and cost of POU systems and improve their pollutant selectivity(Westerhoff et 
al., 2016). Carbon block technology is one of the most effective and widely used 
technologies in the Point-Of-Use (POU) drinking water treatment. Carbon blocks 
integrating nanomaterials can improve targeted removal of pollutants(Lau et al., 2005).  
 Two methods are considered to incorporate nanomaterials into(onto) activated 
carbon (AC): 1) in-situ synthesis and 2) ex-situ synthesis. In-situ synthesis precipitated 
nanoparticles (NPs) such as iron and titanium in AC before carbon block fabrication. Ex-
situ synthesis attaches pre-made NPs onto carbon before carbon block fabrication. It 
means nanomaterials can be embedded onto AC during the manufacturing process. The 
ex-situ synthesis can rely upon electrostatic forces or linker-chemistry to attach multiple 
types of NPs to carbon block production technology. This chapter focuses on 
electrostatically attachment of NPs to carbon.  
Noble metals NPs with the characterization of high surface to volume ratio 
contain a huge number of atoms on their surface. Among them, gold (Au) NPs are more 
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popular as promising agents because of favorable optical properties, so that they can be 
applied to various areas such as material sciences and biology. However, metals NPs tend 
to aggregate due to their small size when they will be used directly, so they are deposited 
on proper supports(Daniel and Astruc, 2004; Jaworski et al., 2014; Weinrib et al., 2012).  
In this chapter, I use Au NPs because they are readily obtained with different 
polymer coatings that impart size while maintaining the same diameter, and because Au 
is readily quantified using UV-VIS scattering without concern over background Au in 
AC.  
 Related studies have attached Au NPs in support media. A glass substrate was 
functionalized with an amine group and then Au NPs with negative charges were 
transported to positively charged amine groups on the surface of glass by electrostatic 
attraction(Nath and Chilkoti, 2004). Jaworski et al made the surface charges of carbon to 
be positive by modifying negative surfaces with aliphatic amines and found out that its 
attraction may result in efficient adsorption of Au NPs onto carbon surface. They 
confirmed that there was complete decoloration of the Au solution when 10mL of 
colloidal Au was added in amine-modified AC(Jaworski et al., 2014). 
 The main objective of this research is to understand an electrostatic attachment of 
positively or negatively charged Au NPs on the surface of support media (AC) at a given 
pH. The hypothesis is, based on the optimal pH which of each material will be negatively 
or positively charged, Au(-) will attach less to the surface of AC(negatively charged) due 
to repulsive forces, compared against Au(+). Two types of Au nanoparticle were used 
with negative or positive surface charges at a given pH. Zeta potentials were analyzed to 
investigate the change of surface charge of two Au NPs and AC at different pH 
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conditions. The degree of attachment of Au nanoparticles to AC was investigated at 
various mass loadings of Au NPs and AC.  
 
8.2. MATERIALS AND METHODS   
8.2.1 Materials 
 Activated carbon from industry partner (Amway; May.15th.2017) was used as a 
support medium for the attachment of Au NPs. Table 8.1 shows an information of two Au 
NPs(0.05mg/ml, 25ml) from nanoComposite. Au(-) NP has a negatively charged surface 
because of capping agent with sodium citrate. This capping agent is the most commonly 
used, easily displaceable with other molecules for binding studies or custom 
functionalization, and also has a high degree of electrostatic stabilization. For Au(+) NP, 
bPEI (branched polyethylenimine) was used as a capping agent. Thus, Au NPs are highly 
aminated and have positively charged surfaces, and large numbers of free amines can be 
utilized for conjugation of targeting molecule(NanoComposix(BPEI), 2017; 
NanoComposix(Citrate), 2017).  
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Table 8.1. Information of Au(-) and Au(+) nanoparticles used in this experiment 
(NanoComposix(BPEI), 2017; NanoComposix(Citrate), 2017) 
 
Au(-) Au(+) 
Concentration 0.053mg/ml 0.054mg/ml 
Capping agent Sodium Citrate 
bPEI (branched 
Polyethylenimine) 
Solvent Aqueous 2mM Citrate Milli-Q water 
Diameter 
(TEM) 
18.9 ± 1.5 nm 
 
18.2 ± 1.6 nm 
 
Zeta Potential -44 mV (pH : 7.2) 52 mV (pH : 6.2) 
Structure 
 
 
Characteristics 
- Most commonly requested 
capping agent 
- Easily displaceable with other 
molecules for binding studies or 
custom functionalization 
- High degree of electrostatic 
stabilization 
- Highly aminated, positively 
charged organic surface coating 
- A large number of free amines 
for conjugation to targeting 
molecules 
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8.2.2 Zeta potential 
 The zeta potential of the surface of Au(-), Au(+), and AC was measured at various 
pH conditions to investigate the change of zeta potential. The zeta potential measurement 
is a very important parameter to predict if two different materials will stick together or 
not at a given pH condition.  
 The 4ml of Au solution was added to 10mM of KNO3 solution. The pH of each 
sample was adjusted from 2 to 11 by adding 0.1N KOH or HNO3. A 1.35ml of the 
sample was poured into a dip cell, placed in a Zetasizer (Nano-ZS90, Melvern), and then 
measured for five times. For a ZP analysis of AC, 100mg of AC was prepared in 100ml 
of 10mM KNO3 solution.  
8.2.3 Electrostatic attachment test 
  A 10mg/L of each Au solution was prepared by diluting 50mg/L of Au product 
with deionized water. A 5ml of Au solution was placed in 10ml of a glass vial and then 
the different mass of AC was added to Au solution. The mixed Au and AC were stirred 
on a horizontal shaker for 3 hours. The supernatant of each sample after settling the 
samples for 2 hours was collected and analyzed with UV spectrometer for Au 
concentration. All tests were performed with triplicates. The control of Au and AC was 
prepared to investigate their absorbance change.  
 To analyze Au concentration, the standard curves of Au (-) and Au(+) were 
developed with 10mg/L of Au(+) and Au(-) nanoparticles. Each Au concentration 
prepared was blank, 0.5, 1.0, 2.5, 5.0, and 10.0mg/L. The absorbance at each Au 
concentration was measured using a UV spectrometer and the standard curves and 
equations were obtained from the results. The wavelength of UV spectrometer for Au(-) 
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and Au(+) was 520nm and 523nm (Figure 8.1), respectively, which is provided by 
nanoComposix.  
 
   
(a) Au(-)                                                              (b) Au(+) 
Figure 8.1. Extinction spectra of Au(-) and Au(+) at 20nm 
 
8.2.4 Theoretical mass loading calculation  
 The theoretical mass loading of Au NPs to AC was calculated for the mass of Au 
NPs could be attached to the surface of PACs. Table 8.2 shows the calculated theoretical 
mass loading. Several conditions are assumed to calculate. First, Au NPs can be attached 
to the only external surface area of AC and no attachment to the surface area of pores 
happened. Second, a spherical Au particle is regarded as a cubic and one side of the cube 
is attached to the surface of AC. Third, the diameter of each Au nanoparticle is the same 
as the length of the cubic. Finally, the only mono-layer attachment of Au NPs occurred 
on the AC.  
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Table 8.2. Calculated theoretical mass loading of Au NPs on AC 
 
Unit Value 
Diameter of AC nm 150,000 
Diameter of Au nm 20 
Surface Area PAC/ one AC cm
2 
7.1E-04 
Surface Area Au/ one Au cm
2 
4.0E-12 
Density of one AC g/cm
3
 2.1 
Density of one Au g/cm
3
 19.3 
Volume of one AC cm
3
/one AC 1.8E-06 
Volume of one Au cm
3
/one Au 4.2E-18 
Mass of one AC g PAC/one AC 3.7E-06 
Mass of one Au g Au/one Au 8.1E-17 
# AC/g AC # PAC/g AC 2.7E+05 
# Au/g Au # Au/g Au 1.2E+16 
# Au/one AC # Au/one AC 1.8E+08 
# Au/g AC # Au/g AC 4.8E+13 
g Au/g AC g Au/g AC 3.9E-03 
Au mass loading % 0.38 
 
 To start a theoretical calculation, the basic data such as a diameter and density of 
AC and Au NP were also obtained from buyer's information. The surface area (SA) and 
volume (V) of each Au or AC were calculated from diameter (d) and the mass per each 
Au or AC (g/one particle) was obtained from the density (ρ) and volume (V) of each Au 
or AC. Total numbers of Au or AC per one gram of Au or AC (# Au/g Au) was 
calculated through equation 8.1. Finally, an equation 8.2 was utilized to investigate a 
theoretical mass loading of Au NPs and AC.   
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8.2.5 Analytical methods 
 Zeta potential was analyzed, with Zetasizer Nano-ZS90 (Malvern) was used. The 
absorbance of Au(-) and Au(+) was measured at 520nm and 523nm with a Hach DR5000 
(Hach Company, Loveland, Colorado). The pH of samples was checked with the 
electrode (9107BNMD) and meter (Orion H0858) from Thermo Scientific. 
 
8.3. RESULTS AND DISCUSSION 
8.3.1 Zeta potential of Au(-), Au(+), and PAC at various pH conditions 
 Figure 8.2 shows the zeta potential of AC and two Au NPs at various pH 
conditions. Au(-) and Au(+) achieved negative or positive charges over entire pH 
conditions (2~11) because Au NPs were manufactured artificially by coating a capping 
agent on their surface. Comparing with zeta potential of Au(-) or Au(+) provided by a 
company (Table 8.1), the real value of Au(-) showed the similar value (-40mV), however, 
a tested Au(+) had a lower zeta potential (+10mV). The isoelectric point of AC was 
around 2.5~3.0, which of it is similar by other studies with ranged from 2.6 to 4.0(Park et 
al., 2007; Radovic and Program, 1995; Silva et al., 1996). 
 Zeta potential of each material at different pH conditions can be used to decide 
the IEP of it. By determining the IEP of materials, it can be anticipated if the surface of 
each material is negatively or positively charged at the designated pH condition. When 
the pH in solution is higher than IEP, the surface charge of the material is favored to 
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negative, and when the pH is lower than IEP, positively charged surfaces are dominated 
by this material. Thus, the IEP of each material can be used to determine the target pH at 
which the two materials can be attached through the electrostatic attraction forces without 
chemical addition.  
Figure 8.2. Zeta potential of Au(-), Au(+), and GAC at various pH condition (electrolyte: 
10mM of KNO3 solution) 
 
8.3.2 Development of Au standard calibration curve 
 UV absorbance was used for Au concentration analysis in this experiment because 
Au NP has its own red color and this method is faster and easier than ICP-MS analysis. 
To develop Au standard calibration curve, six standards were prepared with different 
concentrations ranging from 0 to 10mg/L and then the absorbance of them was measured 
and recorded. From the results, the graphs, equations and R-squared values were obtained 
using an Excel program.  
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 Figure 8.3 shows the standard calibration curves, equations and R
2
 for Au (-) and 
Au (+). The R
2
 from the two curves were 0.9996 for Au (-) and 0.9995 for Au (+), which 
explained the well-fitted regression lines. These equations were used to calculate the Au 
concentration of all samples from electrostatic attachment tests.  
 
   
(a) Au(-) standard curve 
 
(b) Au(+) standard curve 
Figure 8.3. Standard calibration curves, equations and R
2
 for Au (-) and Au (+) 
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8.3.3 Electrostatic attachment test  
 Figure 8.4 shows the remaining concentrations of Au(-) and Au(+) after different 
AC mass doses. The higher AC mass doses achieved the lower remained Au 
concentration, however, less than 12mg of AC addition did not influence the change of 
Au concentration in both Au solutions. After 25mg AC mass dose, AC could significantly 
reduce Au(+) concentration than Au(-) (p<0.05) because the surface of AC and Au (-) are 
negatively charged while Au (+) is positively charged at pH 6.5~7.0 (Figure 8.2). This 
indicates that the electrostatic attraction forces are dominated between AC(-) and Au(+).  
 
 
Figure 8.4. The remaining concentration of Au(-) and As(+) after different AC mass 
doses (pH: 6.5~7.0) 
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 Figure 8.5 shows the actual Au % attached to the surface of AC over different Au 
mass loadings (%) on AC. This figure was drawn from the data in Figure 8.4. Au(+) 
achieved more Au attachment to AC than Au(-) over 0.1~0.4% of Au mass loading, 
however, the higher Au loading (0.8~1.5%) to AC decreased Au attachments. At 0.1% 
Au mass loading, the complete decoloration of the sample was observed in Au(+) 
solution. Au(+) achieved 0.16% of the maximum mass loading which is lower than 
0.38% of the theoretical Au mass loading based on 150um of AC and 20nm of Au. 
Irregular surfaces of AC provided fewer surfaces for Au attachment. On the other hand, 
Au(-) had < 0.05% Au attached loading to AC because of the repulsion forces between 
Au(-) and AC(-). The 0% of Au attached on AC was observed when applying high Au 
mass loading on AC at 1% or 1.5%. It occurred because the AC mass was too small to 
adsorb the high Au concentration.  
 
 
Figure 8.5. Au % attached to the surface of AC over different Au mass loading % on AC 
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8.4 Summary and conclusion 
This research observed the following trends. 
 Zeta potential of two Au (+) and Au (-) NPs had positive or negative values over 
an entire range of pH conditions (2~11). The IEP of AC was around 2.5~3.0. 
 Au standard calibration curve was developed to for Au concentration analysis 
using UV spectrometer. The R
2
 from the two curves showed the well-fitted 
regression lines with > 0.99 and the slope and y-intercept were used to calculate 
the concentration of Au NPs from an absorbance value. 
 The higher AC mass dose achieved the lower remaining Au concentration and < 
12mg of AC addition did not influence the change of Au concentration in both Au 
solutions. The Au(+) reduction by AC was higher than Au(-) because of 
electrostatic attraction forces between AC(-) and Au(+). 
 Au(+) achieved more Au attachment to AC than Au(-) and the complete 
decoloration of Au(+) solution was observed at 0.1% Au mass loading. The 
maximum mass loading of Au(+) was 0.16% which is lower than the theoretical 
Au mass loading (0.38%). Au(-) achieved < 0.05% Au attached loading because of 
the repulsion forces between Au(-) and AC(-). 
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CHAPTER 9 
PERFORMANCE COMPARISON OF EX-SITU AND IN-SITU NANOPARTICLES 
ATTACHED CARBON BLOCKS 
 
Research question: Will electrostatic attachment of metal oxide nanomaterials onto 
activated carbon prior to carbon block fabrication lead to the removal of As(V) while 
limiting nanomaterial release during continuous water flow? 
 
9.1 Introduction 
 Carbon block (CB) technology is widely used in the POU drinking water 
treatment. The higher efficiency of carbon block filter containing a greater number of 
carbon particles can remove impurities with much shorter contact time and a large surface 
area results in greater adsorption of many different contaminants(Campos and Büchler, 
2005; CB tech, 2016a). CBs can be fabricated through nanomaterials blending technology 
for the removal of special contaminants(Lau et al., 2005). The extruded CBs are 
manufactured with a mixture of carbon, an organic binder and functional additives like 
metals or catalysts that is forced through a die to form a continuous block. Compressed 
CBs are fabricated individually in a mold under great pressure and high heat and then 
trimmed to size(CB tech, 2016a). 
 Two methods are considered to incorporate nanomaterials into(onto) activated 
carbon (AC): 1) in-situ synthesis and 2) ex-situ synthesis. In-situ synthesis precipitated 
nanoparticles (NPs) such as iron and titanium in AC before or after carbon block 
fabrication. Ex-situ synthesis attaches pre-made NPs onto carbon before carbon block 
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fabrication. It means nanomaterials can be embedded onto AC during the manufacturing 
process. The ex-situ synthesis can rely upon electrostatic forces or linker-chemistry to 
attach multiple types of NPs to carbon block production technology.  
 In-situ synthesis methods for As(V) removal have used impregnating nano-iron 
(hydr)oxides to granular activated carbon (GAC)(Chang et al., 2010; Cooper et al., 
2010a; Ghanizadeh et al., 2010; Hristovski et al., 2009b, 2008a), AC fiber(Hristovski et 
al., 2009a), and ion exchange resin(Hristovski et al., 2008c), or incorporating titanium in 
GAC(Westerhoff et al., 2008), ion exchange resin(Athanasaki et al., 2015; Elton et al., 
2013), and chitosan beads(Miller and Zimmerman, 2010). However, little studies for in-
situ synthesized CBs have been conducted.  
 Ex-synthesis method used electrostatic attraction forces of support media and 
commercial nanomaterial with different isoelectric points (IEP). Several studies were 
performed using electrostatic attraction force; TiO2 NPs onto carbon spheres(Qian et al., 
2012), silicon NPs in graphene(Zhou et al., 2012), silver nanoshells on polystyrene 
spheres(Dong et al., 2002), and high-density silver NPs on the surface of alginate 
microspheres(You et al., 2014).  
 The main objective of this chapter is to compare three techniques to attach NPs on 
AC before CB fabrication: 1) one NP loaded AC using electrostatic attraction of AC and 
nanomaterial (ex-situ synthesis) and 2) two types of NP synthesized ACs using iron 
precipitation or titanium impregnation into ACs (in-situ synthesis). Since two in-situ 
synthesis methods were performed in the ASU Polytechnic lab with developed 
method(Elton et al., 2013; Hristovski et al., 2009b), this study has focused on attaching 
nanomaterials onto AC as ex-situ synthesis. As(V) adsorption batch tests were performed 
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with pristine materials, synthesized ACs, and CBs to investigate if CB manufacturing 
process will affect As(V) adsorption capacity. The performance test of three prepared 
CBs using mini CB devices evaluated a release of NPs, As(V) adsorption capacity, and 
UVA254 removal efficiency. 
 
9.2. MATERIALS AND METHODS   
9.2.1 Electrostatic attachment test  
 P25 and AC were used to prepare P25 loaded AC. P25 is TiO2 NP with a primary 
particle size of 21nm, specific surface area of 50 m
2
/g, and the phase composition of 80% 
anatase and 20% rutile(Evonik, 2015). The P25 powder was dried to remove the moisture 
at 103C for 24 hours. AC from an industry partner was prepared by wet sieving with 
#325 sieve (45um) since AC cannot pass through it but P25. The sieved ACs were dried 
at 103
o
C overnight. For the attachment lab test of P25 particles onto the surfaces of ACs, 
1g of AC was added in 30ml of deionized water and sonicated for 30 minutes. After 
adding 150mg of P25 in AC suspension the mixture was mixed with a magnetic stirrer for 
30 minutes adjusting pH at the desired value with KOH and HNO3. The mixture was 
rinsed smoothly with deionized water in #325 sieve to remove the residuals of P25. P25 
attached ACs were dried for 24hr in the oven at 103
o
C for the following XRF analysis.  
9.2.2 Synthesis methods suitable for large mass production on NP-AC 
 Manufacturing of NPs impregnated ACs into CB will require large masses to be 
prepared as raw materials to make CBs by an industry partner. Three types of NPs 
synthesized ACs were iron loaded AC, titanium loaded AC, and P25 loaded AC. The 
minimum 2 lbs of NPs loaded ACs were sent to an industrial partner. Pristine ACs was 
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also formed into CB. Figure 9.1 shows the preparation procedure of three types of NPs 
synthesized ACs. 
 Iron-loaded AC (Fe-AC) and titanium-loaded AC (Ti-AC) were synthesized at the 
ASU Polytech campus lab by Jasmina Markovski. For the synthesis of iron (hydr)oxide 
impregnated AC, 1 kg of pristine ACs was suspended in the solution prepared with 2 kg 
of anhydrous iron(III) chloride and 2.5 L of methanol. The soaked media was kept at 
room temperature for 24 hours and then the excess solution was decanted. A 7.5 % of 
sodium hydroxide solution was added to increase pH to 12.0 for the precipitation of iron 
(hydr)oxide. Excess solution was decanted again and synthesized media was intensively 
rinsed with ultrapure water until pH dropped to 7.0 and stored after drying at room 
temperature.  
 Titanium dioxide impregnated ACs was prepared by suspending 1 kg of pristine 
ACs in the mixed solution with 1 kg of titanium (IV) oxy-sulfate (TiOSO4) and 2L of 
ultrapure water. The soaked media was kept at room temperature for 24 hours and then 
media was separated from the excess solution by filtering through 20~25 µm of cellulose 
filter. The prepared media was dried at room temperature and stored. Media was exposed 
to at least 80°C temperature to hydrolyze TiOSO4 into TiO2. 
 P25 loaded AC (P25-AC) was prepared in ASU Tempe by soaking 1kg of pristine 
ACs in the deionized water and then the suspension was sonicated for 30minutes. A 150g 
of P25 powder was added to the AC suspension in a 20L container and then agitated with 
a mechanical mixer for one hour. The excess P25 was separated in a #325 sieve by 
rinsing smoothly with deionized water. P25 attached ACs were dried for 24hr in the oven 
at 103
o
C.  
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Figure 9.1. Preparation procedure of large scale of three NPs synthesized AC 
 
 Table 9.1 shows the summary of the preparation method for three types of NP 
synthesized CBs. There were several differences between the first and second prepared 
CBs. An industry fabricated solid CBs in the first preparation while center cored CBs 
were prepared to achieve a stronger hardness of CBs during the curing process. In the 
preparation of the first NP loaded ACs, air drying preparation of Fe-AC and Ti-AC made 
their hardness of CBs too weak because moisture in ACs interfered a heat transfer to 
whole solid CB. Thus, in the second preparation, all NP loaded ACs dried at 103°C 
before CB fabrication process. Finally, all three NP loaded ACs were sent to an industry 
partner and NP loaded CBs were delivered to ASU for the following tests. 
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Table 9.1. Summary of preparation, test methods, and analysis of CBs 
  Preparation Test methods Analysis 
1st CBs 
• Fe+CB: air-dried AC 
• Ti+CB: air-dried AC &      
hydrolyzed in a factory 
• P25+CB: 103C dried AC 
• Solid CBs  
• Adsorption isotherm test 
  (0.04mM of As(V) in  
deionized water) 
• Performance tests 
  (100ppb of As(V) in  
dechlorinated tap water) 
• As(V), pH 
 
 
• Turbidity, pH, 
As(V), Ti, Fe 
 
2
nd
 CBs 
• Fe+CB: 103C dried AC 
• Ti+CB: 103C dried AC &  
hydrolyzed in a lab 
• P25+CB: 103C dried AC 
• Center cored CBs  
• Performance tests 
  (100ppb of As(V) in  
dechlorinated tap water) 
• Turbidity, pH, 
As(V), Ti, Fe 
 
 
9.2.3 Test waters 
 Table 9.1 shows the summary of test waters. Adsorption isotherm batch tests were 
performed with deionized water spiking 0.04mM As(V) and 1mM of HCO3
-
 buffer 
solution. The test waters for a performance test of nano-impregnated CBs were prepared 
by spiking 100ppb of As(V) in the dechlorinated tap water. The tap water was run for 
more than 3 hours until copper concentration was less than 0.1mg/L and then filtered with 
carbon block to remove chlorine in the water.  A 500ppm of As(V) stock solution was 
prepared with  Na2HAsO4·7H2O (J.T. Baker chemical) reagents and spiked into 
dechlorinated tap waters to achieve 30ppb or 100ppb of As(V).  
9.2.4 Adsorption isotherm test 
 Adsorption batch tests were performed to compare As(V) adsorption capacities of 
raw materials, NP synthesized ACs and CBs. It also investigated the effect of the binder 
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on As(V) adsorption of CBs. A total of 10 media were prepared: a pristine AC and CB 
without NPs, iron-loaded AC and CB, titanium-loaded AC and CB, a pristine P25 
powder, P25-loaded AC and CB, and CB from South Korea. All CB media were crushed 
using a pestle and a mortar. Ti-loaded AC and CB were rinsed with ultrapure water until 
pH of the rinse water is more than 6.0. All adsorption batch tests applied duplicates to get 
more reliable data. Bottles were soaked in 10% of nitric acid overnight, rinsed with 
deionized water three times, and dried in the oven at 60°C overnight. The 10~20,000mg 
of adsorbents were added in the bottles with 250mL of test water and All prepared 
samples were placed on the horizontal shaker and agitated for 6 days to achieve complete 
equilibrium. After agitation, the samples were filtered by 0.45um of PTFE membrane 
(Fisherbrand) and stored them in the fridge after acidifying them with HNO3 for the 
following ICP-MS analysis. Data from the batch tests adsorption isotherms were 
analyzed using Freundlich adsorption isotherm model (EQN 9.1): 
                                                      
   
                                                      (EQN 9.1) 
   where    is adsorption capacity (μg adsorbate/g adsorbent), K is the Freundlich 
adsorption capacity parameter ((μg adsorbate/g adsorbent)×(L/μg Adsorbate)1/n),    is the 
equilibrium concentration of adsorbate in solution (μg adsorbate/L), and 1/n is the 
Freundlich adsorption intensity parameter (unitless). 
9.2.5 Mini CB test method 
 Performance tests of CBs were performed with mini CB test apparatus (Chapter 
7). Table 9.2 shows design features and operational conditions for mini CBs calculated 
from a full scale of CB filter. 
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 As(V) adsorption capacities of CBs were estimated by calculating the area above 
the breakthrough curve. First, water volume treated (L) was calculated by multiplying 
BVs (L/L) with the volume of CB (L). Next, the mass of contaminant (μg) for influent 
and effluent water was obtained by multiplying water volume treated (L) with the 
concentration of As(V) (μg/L). Third, the mass of As(V) removed (μg) by CB was 
estimated by subtracting the As(V) mass of the effluent water (μg remained) from the 
As(V) mass of influent water (μg total). Fourth, the mass of CB (g) was obtained with a 
digital scale. Finally, adsorption capacity (μg/g) was acquired by dividing the total mass 
of As(V) removed (μg) with a mass of CB (g)(Athanasaki et al., 2015). 
 
Table 9.2. Design features and operational conditions for mini CBs 
Parameters unit 
Full-scale Small-scale 
Commercial 
product 
Fe+CB Ti+CB P25+CB 
Thickness mm 25 14.7 14.8 14.7 
Height mm 150 - - - 
Diameter(OD) mm 110 32 32 32 
Diameter(ID) mm 50 32 32 32 
Volume cm^3 1130.4 11.8 11.9 11.8 
Flow rate ml/min 3400 35.5 35.8 35.5 
V treated L 6800 71.1 71.6 71.1 
EBCT sec 20 20 20 20 
BV L/L 6000 6000 6000 6000 
Duration hr 33 33 33 33 
 
  
 206 
9.2.6 Analysis methods 
 The absorbance of UVA254 was measured at 254nm using a Hach DR 5000 
(Hach Company, Loveland, Colorado). Turbidity was analyzed with a portable 2100P 
turbidimeter (Hach Company) to monitor in an NP release test since a release of Ti and 
Fe can produce a turbidity in effluent water. The analysis of iron, titanium, and arsenic 
were measured through a Thermo Fisher Scientific XSeries 2 quadrupole ICP-MS and 
Cetac ASX-520 auto-sampler. Before an ICP-MS analysis, all collected samples were 
stored in the fridge after acidifying with pure HNO3.  
 To analyze zeta potential of P25 and AC, the 10mM of KNO3 solution was 
prepared as an electrolyte. 0.5g of each material was added in 100ml of KNO3 solution 
and the mixture was sonicated for 30min. The pH of the prepared sample was adjusted 
from 2 to 12 with 0.1mM of KOH and HNO3. A zeta potential of each sample was 
analyzed with a Zetasizer from Melvern. The pH was measured with the electrode 
(9107BNMD) and meter (Orion H0858) from Thermo Scientific.  
 X-ray Fluorescence (XRF) analysis was conducted to screen titanium and iron 
weight % in NP loaded ACs and CBs. The Niton XL3t GOLDD with XRF Analyzer from 
Thermo Scientific was utilized for the quick elemental analysis. (Scientific, 2017).  
 Gravimetric analysis was performed to measure Fe and Ti weight % in CBs. CBs 
were dried at 105°C until constant dry mass and then ashed to remove organics at 600 C 
during 24 hours. Fe and Ti weight % per dry CB weight were calculated from ash mass of 
blank CB and NP loaded CB. 
 Paired two sample Student’s t-tests were conducted to compare two analytical 
data using the following equation (EQN 9.2):  
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                                                 (EQN 9.2) 
 Where x d is the sample mean difference, μ0 is the mean value defined by the null 
hypothesis (μ0 = 0), S is the standard deviation of the sample and n is the number of 
samples in the data set. A probability of p-value can be obtained in t distribution table 
using the calculated t-value and degree of freedom (n-1). The significance level (α) was 
0.05 in the statistics. The null hypothesis is rejected if p < 0.05, which means that two 
data are considered statistically significant. If p > 0.05, there is not enough evidence to 
reject the null hypothesis, which indicates that two compared data are considered as 
statistically similar(Brunel, 2007; Daya, 2003). The more detailed methods and examples 
of paired t-test are explained in Appendix B. 
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9.3. RESULTS AND DISCUSSION 
9.3.1 P25 attachment on AC with the electrostatic attraction force 
 Figure 9.2 shows the zeta potential of AC and P25 at various pH conditions. The 
IEP of AC and P25 was ~3.0 and ~6.0, respectively. The IEP of P25 in this test is 
approximately consistent with it (6.2) reported in another study(Suttiponparnit et al., 
2011). The optimal pH ranges were around 4.0~5.0 to synthesize P25 on the surface of 
AC with electrostatic attraction forces. This is very useful information to achieve as much 
P25 mass loading as possible on the surface of AC. 
 
 
 Figure 9.2. Zeta potential of AC and P25 at various pH conditions 
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 The statistical comparison between XRF and gravimetric analytical methods 
shows in Appendix C that XRF analysis can be used interchangeably with gravimetric 
analysis.  
 Figure 9.3 shows titanium loading % on AC from XRF analysis at 5~50% of P25 
mass loading to AC depending on mixing methods. There was no significant difference in 
Ti mass loading % between mechanical mixing and horizontal shaking (p>0.05). At pH 
4.0~4.5, the higher P25 mass loading did not achieve larger Ti loading %. It had 5~6% of 
limited Ti mass loading. The research by Qian et al(2012) showed a similar Ti loading of 
5.6% when a colloidal TiO2 aqueous suspension was mixed with carbon sphere at pH 4 
(Qian et al., 2012).   
 
 
Figure 9.3. Titanium loading % at 5~50% of P25 mass loading on AC and two mixing 
methods (pH = 4.0~4.5) 
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 Figure 9.4 shows titanium loading % to AC from XRF analysis at various pH 
conditions based on 15% of P25 mass loading on AC. The total mass of P25 attaching to 
the surface of ACs is pH dependent. The highest Ti loading of 6.4% was achieved at pH 
4.5 as shown in the zeta potential results (Figure 9.2). The mass loading % of P25 on AC 
was higher than that of AuNP because the diameter of P25 is larger, 210 ± 62 nm(Yang et 
al., 2014), compared against  AuNP (20nm). At higher than 7.0 of pH, Ti loading % to 
AC was decreased to less than 1.0%. This is because surfaces of AC and P25 are more 
negatively charged at high pH conditions and it caused the more increased repulsive force 
between two materials.  
 
 
Figure 9.4. Titanium loading % at various pH conditions (P25 mass loading to AC = 
15%) 
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9.3.2 Freundlich adsorption isotherm  
 Figure 9.5 shows the Freundlich adsorption isotherm of raw materials such as AC 
and P25, three NPs loaded ACs and CBs, and commercial CB from Korea. The virgin AC 
and CB without NPs did not remove As(V). The adsorption capacity parameter (KAs) of 
Fe+AC was the highest with 770 (μgAs/g)((L/μgAs)1/n among three NP loaded ACs. The 
KAs of Ti+AC was 55 of (μgAs/g)((L/μgAs)
1/n
, however, P25+AC had zero of KAs value 
because of too low Ti mass loading (<1.4%) even if P25 had 280 (μgAs/g)((L/μgAs)1/n.  
For three prepared CBs, Fe+CB achieved the highest KAs value (620 
(μgAs/g)((L/μgAs)1/n) and P25+CB also showed zero of KAs values. The result of Ti+CB 
did not plot in figure 9.5. Since Ti+CB was used in the isotherm test without rinsing 
process, it decreased a pH of isotherm test samples at 2~6 and it led to a high KAs value 
(650 (μgAs/g)((L/μgAs)1/n). The isotherm test with Ti+CB after rinsing achieved 77 
(μgAs/g)((L/μgAs)1/n of KAs value. Fe+CB also showed lower KAs value of 620 
(μgAs/g)((L/μgAs)1/n than that of Fe+AC (770 (μgAs/g)((L/μgAs)1/n), which indicates 
that binder in CB manufacturing process slightly affects As(V) adsorption capacity. 
Fe+CB had slightly higher arsenate KAs value than 450 (μgAs/g)((L/μgAs)
1/n
 of Altwell 
CB, suggesting better arsenate adsorption. Adsorption is favorable when the adsorption 
intensity parameter (1/n) is <1(Hristovski et al., 2008c). All synthesized ACs and CBs 
had the fitted values of 1/n < 0.5 for As(V) except for virgin AC and CB, P25+AC, and 
P25+CB. 
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Figure 9.5. Freundlich adsorption isotherm of As(V) for various raw materials and NP 
loaded ACs and CBs:  pH 7.5; As 0 = 0.04mM; time = 6 days. 
 
9.3.3 NPs release test  
 Figure 9.6 shows a turbidity in the first NP release test with three CBs. Control 
CB reached 2NTU at 20 BVs. Ti+CB showed higher NP release than other two CBs. 
Ti+CB reached 360 NTU at the beginning of the test and a turbidity of effluent was 
decreased to 1.1NTU and 0.4 NTU after 10min (20 BVs) and 50min (150 BVs) of test 
runs, respectively. Fe+CB and P25+CB showed low turbidity < 0.5 NTU after 2 minutes 
(< 6 BVs) of test duration. Ti concentration of Ti+CB was 4000μg Ti/L at 10 BVs when 
its turbidity was 25NTU and then after 30 BVs Ti concentration was ranged from 1.5 to 
8.9μg Ti/L (< 0.5NTU). The effluent water by P25+CB had very low Ti concentration 
with 1.5~4.0μg Ti/L. Fe-CB also showed 0.23~1.9μg Fe/L in effluent water.  
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 Figure 9.7 shows a turbidity of the second NP release test with four CBs. The 
second prepared CBs showed stronger hardness than the first prepared ones because of 
the better curing process. A lower NP release in the second prepared CBs was observed 
than in the first prepared CBs. Turbidity of all CBs reached < 0.5NTU after 3min (< 10 
BVs). Fe+CB required a longer time to get a stable turbidity (< 0.1NTU). Fe 
concentration of Fe+CB at 20NTU (1 BV) and 0.45NTU (10 BVs) was 1700μg Fe/L and 
60μg Fe/L, respectively. Afterward, the effluent of Fe+CB showed 0~100ppb of Fe 
except for 50 BVs (250ppb), which was below Secondary Drinking Water Standards of 
300ppb(US EPA, 2017c). On the other hand, Ti concentration of Ti+CB and P25+CB 
was very low with 6~14μg Ti/L during 6000BVs.  
 Figure 9.8 and 9.9 illustrates the pH change of the first and second prepared CBs 
over time. Based on Secondary Drinking Water Standards of pH with 6.5~8.5(US EPA, 
2017c), the effluent of Ti-CB had a very low pH at the beginning of the test due to H2SO4 
production from hydrolysis of TiOSO4 to TiO2. The time (BVs) reached 6.5 of pH was 
more than 20minutes (60 BVs) while Fe+CB and P25+CB reached ~7 of pH from the 
beginning of a run in the first prepared CBs. For the second prepared CBs, the effluent of 
Ti+CB filter showed a very low pH with 4.5~5.2 at the beginning of the test but its pH 
reached 6.5 after 10 minutes (30 BVs). Fe+CB filter also reached 8.0 from 10 after 10 
minutes run (30 BVs) because of sodium hydroxide addition to AC.  
 The second prepared CBs are safe in NP release or pH aspect based on CB filters 
being generally flushed for 5~10minutes before using. A turbidity is a quick and easy 
indicator to evaluate a release of NPs from CB and Mini CB device is a good tool to 
evaluate the NPs release or pH change with a small amount of water and short test time.  
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Figure 9.6. Turbidity of the first prepared three NP loaded CBs (Turbidity of test water = 
0.2NTU) 
 
 
Figure 9.7. Turbidity of the second prepared four NP loaded CBs (Turbidity of test water 
= 0.15NTU) 
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Figure 9.8. pH change of the first prepared three NP loaded CBs (pH of test water = 8.0) 
 
Figure 9.9. pH change of the second prepared four NP loaded CBs (pH of test water = 
7.8) 
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9.3.4 Pollutants removal performance test with carbon blocks 
9.3.4.1 Arsenic removal 
 Figure 9.10 illustrates As(V) breakthrough curve of the first prepared CBs. The Ti 
or Fe content in the first prepared CBs was obtained from XRF analysis. Ti+CB(Ti: 7%) 
showed the most delayed arsenic breakthrough. Based on 10μg/L of arsenic 
breakthrough, Ti+CB achieved 600 BVs and P25+CB(Ti: 1.4%)  had 30BVs, however, 
Fe+CB(Fe: 15%) did not achieve less than 10 BVs even if it showed the highest As(V) 
adsorption capacity parameter (KAs). P25+CB also did not achieve enough arsenic 
adsorption capacity due to 1.4% of low Ti weight loading on AC. The reason of low 
As(V) removal of Fe+CB was due to channeling problem in CB test. Not enough heating 
transfer into Fe+CB during curing process caused weak hardness of Fe+CB and it led to 
not complete fitting of CB in a holder. The difference of color and hardness was also 
observed between the center and outer edge in Fe+CB.  
 Figure 9.11 shows As(V) breakthrough curve of the second prepared CBs. 
Gravimetric analysis was used to investigate Ti or Fe content of CBs. Fe+CB (Fe: 26%) 
achieved a more delayed As(V) breakthrough than other CB filters due to its high Fe 
content while P25+CB (Ti: 5%) showed sharp breakthrough at the beginning of the test. 
Ti+CB (Ti: 8.5%) achieved a medium breakthrough of Fe+CB and P25+CB filters.  
 Table 9.3 summarizes adsorption capacities of secondly prepared nano-enabled 
CBs in this study at given Ce of a breakthrough for As(V). Based on MCL of arsenic 
which is 10μg/L(US EPA, 2017a), Fe+CB achieved 2200 BVs, whereas Ti+CB and 
P25+CB had around 1200~1300 BVs, and 80 BVs, respectively. During total 6000 BVs 
of the test run, a 100% of As(V) breakthrough of Ti+CB and P25+CB occurred at 6000 
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BVs and 4000 BVs while that of Fe+CB did not reach until 6000 BVs. The adsorption 
capacity of each CB was 300μg/g, 150~160μg/g, and 12μg/g for Fe+CB, Ti+CB, and 
P25+CB, based on 10μg/L of an arsenic breakthrough. Fe+CB had twice adsorption 
capacity compared against Ti+CB. P25+CB did not achieve enough As(V) adsorption 
capacity due to low Ti weight loading on AC.  
 When the adsorption capacity (μg/g CB) was calculated in terms of the weight % 
of nanoparticles (μg/g Fe or Ti), As(V) adsorption capacity of Ti+CB (1760~1920μg 
As/g Ti) was the higher than Fe+CB (1160μg As/g Fe). Even if an attachment of P25 to 
AC was successful without a chemical addition, P25+CB had the lowest adsorption 
capacity (230μg As/g Ti) because 5% of Ti was attached to AC as the result from P25 
attachment lab test. It indicates ex-situ synthesis method with P25 could not achieve as 
much As(V) adsorption capacity as in-situ synthesis method with Fe or Ti. 
 The duplicate testing with Ti+CB was performed to evaluate if mini CB test 
device can produce the consistent result. Data from two Ti+CBs showed the same trend 
of As(V) and UV254 breakthrough curve (Figure 9.11 and 9.13) and achieved the similar 
adsorption capacity (Table 9.3). 
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Figure 9.10 As(V) breakthrough curve of the first prepared three NP loaded CBs (As 0 = 
31μg/L) 
 
 
Figure 9.11 As(V) breakthrough curve of the second prepared four NP loaded CBs (As 0 
= 96μg/L) 
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Table 9.3 Summary of adsorption capacities for secondly prepared nano-enabled CBs at 
given Ce of As(V) breakthrough. Values in parentheses indicate achieved BVs at given 
Ce of As(V) 
  
Effluent As(V)  
(μg/L) 
Fe+CB  Ti+CB  
Ti+CB  
(Duplicate) 
P25+CB  
q  
(μg As(V)/g CB) 
Ce=10 
300 
(2200) 
150 
(1200) 
160 
(1300) 
12 
(80) 
Ce=50 
520 
(4300) 
250 
(2300) 
280 
(2600) 
28 
(250) 
Ce=100 
610 
(> 6000) 
340 
(6000) 
380 
(6000) 
77 
(4000) 
Fe or Ti (%) - 26.0 8.5 8.5 5.0 
q  
(μg As(V)/g Fe, Ti) 
Ce=10 1160 1760 1920 230 
Ce=50 2010 2910 3340 550 
Ce=100 - 4010 4410 1540 
 
 
9.3.4.2 UVA254 removal 
 Figure 9.12 shows the UVA254 breakthrough curve of the first prepared CBs.   
Based on 0.035cm
-1
 of UVA254 for influent water, Fe+CB showed 0.24~0.32cm
-1
 during 
CB test with the same trend shown in As(V) breakthrough curve. Ti+CB also had 
0.24~0.32cm
-1
 of UVA254 after 100 BVs. P25+CB achieve the highest UVA254 removal 
since its hardness was strong and fitted well in a CB holder compared to other two CBs.  
 Figure 9.13 shows the UVA254 breakthrough curve of the second prepared CBs. 
All four CBs showed the stable UVA254 removal and achieved the similar UVA254 
breakthrough. A 50% of the UVA254 breakthrough occurred at 1200 BVs and 100% of 
UVA254 breakthrough did not reach at 6000 BVs for all CBs. Fe+CB achieved the 
similar UVA254 removal efficiency as other CB even if a 26% of Fe weight was loaded 
in CB filter. 
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Figure 9.12 UVA254 breakthrough curve of the first prepared three NP loaded CBs 
(UVA2540 = 0.034~0.036/cm) 
 
 
Figure 9.13 UVA254 breakthrough curve of the second prepared four NP loaded CBs 
(UVA2540 = 0.019~0.020/cm) 
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9.4 Summary and conclusion 
   This research observed the following trends. 
  The IEP of AC and P25 was 3.0 and 6.0, respectively, and the optimal pH ranges 
were around 4.0~5.0 for P25 attachment on AC using electrostatic attraction forces. 
  The highest ex-situ Ti loading of 6.4% on AC was achieved at pH 4.5.  
  Differences between the first and second NP+CBs were drying preparation method 
of NP+ACs and curing method during CB fabrication process. The first Fe+AC and 
Ti+AC were prepared air-drying preparation (25°C) and solid CBs were fabricated, 
which led to poor heat transfer to whole solid CB and produced fragile CBs. 
However, the second NP+ACs were prepared at 103°C and center cored CBs were 
fabricated, which achieved a stronger hardness of CBs. 
  For in-situ NP+CBs (Ti+CB, Fe+CB), the first prepared Ti+CB showed a higher 
NP release with a turbidity (360NTU) and Ti concentration (4mg Ti/L) due to low 
hardness. However, the first prepared Fe+CB, and second prepared Ti+CB and 
Fe+CB all CBs reached < 0.5NTU after 10 BVs.  
  In-situ NP+CBs reached the pH with 7~8 after 30BVs even if Ti+CB had low pH at 
the beginning of test due to H2SO4 production from hydrolysis of TiOSO4 to TiO2.  
  Ex-situ CB (P25+CB) reached low turbidity < 0.5 NTU and pH 7.0 within 10BVs 
in the first and second prepared CBs.  
  For As(V) and UVA254 removal test, the first prepared in-situ NP+CBs did not 
achieve good As(V) and UVA254 breakthrough due to the weak hardness of CBs 
and channeling problem in brass holder. The second prepared in-situ Fe+CB 
achieved a delayed As(V) breakthrough and the highest adsorption capacity due to 
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high Fe content (26%) while in-situ Ti+CB (Ti: 8.5%) showed the half efficiency of 
Fe+CB in breakthrough and adsorption capacity. On the other hand, ex-situ P25+CB 
showed the lowest As(V) adsorption capacity due to low Ti mass loading (<5%). 
  The second prepared all NP+CBs showed the stable UVA254 removal and achieved 
the similar UVA254 breakthrough.  
  The duplicate testing with Ti+CB showed the same trend of As(V) and UV254 
breakthrough curve and achieved the similar adsorption capacity. 
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CHAPTER 10 
DISSERTATION SYNTHESIS 
 
The purpose of this chapter is to synthesize my findings in my dissertation with 
applicable technologies in the future. To start my Ph.D, I tried to find what kind of 
pollutants in the water can be an issue to the public. Among many pollutants, specific 
inorganic and organic pollutants in water, such as As(V), Cr(VI), THMs, and hardness, 
which present at different chemistries in water, are decided in my research because they 
cause a potential health concern or aesthetic problem. As the public demand for clean 
water keeps increasing, it is required to develop more advanced techniques as a solution. 
Nanotechnology can provide the opportunity to decrease the size of treatment systems 
and improve their pollutant selectivity by providing unique size-dependent properties 
related to their high specific surface area which can lead to fast dissolution, high reac-
tivity, and strong sorption(Westerhoff et al., 2016).  
The goal of this dissertation is to demonstrate novel approaches to improve the 
performance of point of use and municipal activated carbon (AC) process to provide safe 
and reliable water to the public. To achieve this goals, three specific objectives are 
established; (1) evaluate the potential for a non-chemical SI adjustment technology in 
water, (2) demonstrate that pre-chlorination prior to GAC can decrease THMs formation 
in tap water, and (3) Demonstrate viability to safely nano-tized carbon block(CB) in POU 
devices such that it enables simultaneous removal of As(V) or Cr(VI) and organic 
pollutants. Three ways have been used to apply nanotechnology. First, through 
controlling pH during mixing of pre-made nanoparticles and macro-scale of ACs with 
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different pH IEP, electrostatic attachment of nanoparticles to AC could be achieved prior 
to CB fabrication. The second method was to synthesize nanoparticles into pores of 
macro-scale of AC using iron (III) chloride or titanium oxysulfate. Third, the TAC 
system adjusts saturation index (SI) value by converting dissolved Ca
2+
 and HCO3
-
 into 
microscopic crystals on the atomic level of templates of TAC media. The seven research 
questions are followed to guide research in my dissertation and each research is 
performed to prove each research question.  
The first research was about the evaluation of calcite saturation index by TAC 
(Template Assisted Crystallization) using batch and fluidized bed testing. Hardness, 
formed with multivalent cations (Ca
2+
 and Mg
2+
), causes several problems such as scaling 
occurrence on water-related appliances and clogging of pipes in the water system(Chao 
and Westerhoff, 2002; Panthi, 2003; Singer, 2005). There are many technologies to treat 
the hardness chemically and physically, however, use of chemicals like ion exchange is 
not cost effective and produces the highly concentrated waste to wastewater treatment 
plan(Chao and Westerhoff, 2002). To solve this problem, TAC media as a physical water 
treatment technology was adopted to adjust saturation index (SI) in water by reducing 
Ca
2+
 and HCO3
-
(INC, 2005; Vastyan, 2010). The research question was “Can TAC 
system change the saturation index at various water conditions?” The conclusion to this 
question was that TAC media can adjust the SI value of TAC-treated water to zero when 
SI value of influent water was at lower values (0.08~0.3), however, the reduction in SI 
with higher SI values (0.7~1.3) was similar to the reduction at lower SI values which 
could be due to limitations in kinetics and/or mass transfer with the template on the TAC 
media. The SI reduction efficiency by TAC was performed at the condition with 80
o
C 
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and 60
 o
C of temperature in the previous study, however, little research about TAC media 
for SI reduction efficiency at various SI conditions of influent water has performed until 
recently based on lab scale of batch or column test. The outcome of this research can be 
utilized as a fundamental information to determine the applicability of TAC media to 
POU system when performing full-scale performance test of TAC media with tap water 
and on-off intermittent operation system. It can provide the information to decide an 
introduction of TAC system as a pretreatment in WTP to remove hardness in the raw 
water before supplying water to industries. 
The second research was conducted to reduce THM formation in the distribution 
system by increasing municipal GAC process performance through pre-chlorination prior 
to GAC. Pre-chlorination reacts with natural organic matter (NOM) in source water and it 
forms THMs which cause health problem of human(Badawy et al., 2012), however, the 
application of chlorine to GAC process in drinking water treatment achieved better NOM 
removal and GAC performance(Reed, 1983). Based on literature reviews, the research 
question was decided with “Can pre-chlorination prior to GAC process reduce the THM 
formation in the distribution system at various water sources? The conclusion of this 
question shows that pre-chlorination prior to GAC and higher chlorine dose achieved 
NOM reduction and longer GAC runtime. SDS tests for various water sources resulted in 
lower THM yield and concentration in the distribution system at pre-chlorination and 
higher chlorine dosages. The outcomes from this research will be used in various areas. 
First, the water quality, experimental data, and research results for Cragin reservoir, 
which will be used as a future surface water supply for Payson in Arizona, will be 
provided to the city of Payson. SDS test approach is used to predict THM concentration 
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in the distribution system and acceptable levels of DOC in treated water to achieve water 
quality goals. WTP with GAC can validate if controlling a pre-chlorine dose before GAC 
in WTP can reduce THM formation in the real distribution system.  
As(V) and Cr(VI) should be removed for public health from drinking water 
because of its toxicity to human(Ridge et al., 1994; Sharma and Sohn, 2009). POU water 
treatment systems have been applied for decades to solve water quality problems of 
individual homes in many countries(Peter-Varbanets and Pronk, 2006). Its marketplace 
that estimates more than $20 billion annually rapidly copes with new technologies 
because of growing customer demand, lower cost, and less replacement of product 
parts(Westerhoff et al., 2016). Among several POU technologies, CB filter can 
effectively remove organic contaminants, but not most heavy metals(Silverstein, 2006). 
Thus, next research was focused on developing nano-enabled CB filter to remove As(V) 
or Cr(VI) and NOM at the same time. To achieve this goal, five research questions were 
established.  
The first research question was “What loading of metal oxides and ion exchange 
media in a CB configuration is required to remove As(V) or Cr(VI)? This research was 
performed to provide information for use in subsequent research before the application of 
nano-enabled water treatment technology into CB technology. The conclusions of this 
research show that blending metal oxides or IXE removed As(V) or Cr(VI) with the 
minimal effect on UVA removal. On-off operation system which can be considered as 
POU system achieved better Cr(VI) and NOM removal efficiency than the continuous 
system. This research provides the following information to researchers or industries; (1) 
Cr(V) removal by IXE is pH independent, (2) the adsorption capacity of each 
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nanomaterial is dependent on the water quality of the influent water, such as As(V) 
concentration, pH, and presence of other competing substances, and (3) calculation 
method of nanomaterial mass loading on CB. The developed graph plotting predicted NP 
loading % in one CB at treated volume (L) can provide how much NP % is required 
depending on the adsorption capacity of each NP. 
Carbon block is generally fabricated at a temperature of 150
 o
C to 200
 o
C. The 
exposure to different temperature changes the structure of iron from amorphous to a 
crystalline form and it impacts on As(V) adsorption capacity(Jang et al., 2008). Thus, the 
second research question was decided with “Does pre-heating nanomaterials affect their 
adsorption capacity during CB manufacturing? The conclusion of this question shows 
that pre-heating till 250
 o
C or crushing nanomaterials cannot affect their adsorption 
capacity of As(V) or Cr(VI). It is important information for CB industries that will try to 
blend nanomaterials with AC for heavy metal removal. The calculated adsorption 
capacities of various nanomaterials give the required nanomaterial loading % in a CB at 
treated volume from the developed graph, which can be used as a guideline for nano-
enabled CB fabrication. 
The performance of CB filter can be evaluated by laboratory testing standards 
developed from NSF/ANSI Standards 42 and 53(CB tech, 2016a, 2016b; Lau et al., 2005; 
NSF International Standard, 2017). However, a performance test of the CB filter 
according to the NSF standard requires a large amount of test waters and a large space for 
installing the test equipment. It is costly to prepare chemical spiked test water and treat 
wastes after the test. To solve this problem, the third research question was come up with 
“Can a small scale apparatus be designed to test mini CB cores from actual CB matrices? 
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After developing a small scale of mini CB device, the performance of mini CB was 
validated with inorganic and organic pollutants to figure out if mini CB can simulate full-
scale CB performance. The outcome of this question was that developed mini CB 
apparatus can simulate the performance of full-scale CB in chloroform and As(V) 
removal tests with 50 times less volume of test water and short preparation time. This 
device can be used to compare or screen several developed CBs simultaneously in CB 
industries before full-scale CB performance test according to NSF/ANSI Standards. I provide 
a mini CB test protocol which includes determination of operation parameters, 
preparation of test water, mini CB set up method, apparatus operation, and 
troubleshooting.  
To develop nanoparticle attached AC using ex-situ synthesis, electrostatic 
attraction forces are generally used to attach two materials. To prove it, the following 
research question was decided with “Can Au(+) or Au(-) nanoparticles be 
electrostatically attached to AC? Au NPs are applied in this research because different 
polymer coatings in AuNP impart size while maintaining the same diameter and make 
their surface charge positive or negative. The conclusion of this question was that Au(+) 
achieved more Au attachment % to AC through electrostatic attraction forces than Au(-). 
It proves that electrostatic attachment can be achieved by controlling pH of Au and AC, 
which make their surface positively or negatively charged. I could provide the research 
result that Au(+) or Au(-) has the same charge ((+) or (-)) at 2~11 of pH conditions from 
the zeta potential analysis. My research provides the procedure how to attach two 
materials using electrostatic attraction forces.  
 229 
Finally, one ex-situ P25 attached CB using electrostatic attraction force and two 
in-situ Fe loaded CB and Ti loaded CB through precipitation or impregnation synthesis 
were prepared to compare their performances, such as NP release, pH of the effluent 
water, and As(V) removal. The research question was “Will electrostatic attachment of 
metal oxide nanomaterials onto AC prior to CB fabrication lead to the removal of As(V) 
while limiting nanomaterial release during continuous water flow? I developed 5% Ti 
attached CB using electrostatic attachment of P25 to AC and compared its performance 
with two in-situ synthesized CBs (Fe+CB, Ti+CB) through developed mini CB device. 
The conclusion showed that ex-situ P25+CB achieved the stable pH in short time without 
NP release, however, it did not achieve better As(V) adsorption capacity due to low NP 
loading % than two in-situ synthesized CBs. This research provides how to prepare nano-
enabled ACs using in-situ or ex-situ synthesis method prior to CB fabrication. Real 
performance test method of nano-enabled CBs with mini CB device provides how this 
method will be conducted with small test water for many CBs simultaneously. However, 
it brought a rise to find different ex-situ NPs (Fe) with higher As(V) adsorption capacity. 
In summary, seven research in this dissertation to treat pollutants with different 
chemistries in water showed remarkable outcomes which can influence on science or 
industry. These research presents basic discovery and methodology that can be 
scientifically approached for the further study of TAC system, GAC process, and nano-
tized ACs, and also provide the industries with a practical method to commercialize 
nano-enabled CBs and test them. 
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CHAPTER 11 
SUMMARY AND RECOMMENDATIONS FOR FUTURE RESEARCH 
 
11.1 SUMMARY 
 The main goal of my dissertation is to improve the performance of activated 
carbon in POU and municipal water treatment. For POU water treatment system, 
nanoparticles were attached to activated carbon using in-situ and ex-situ synthesis and 
then manufactured into carbon block to investigate the performance of As(V) removal. 
For the improvement of municipal-scale water treatment performance, pre-chlorination 
prior to GAC process was investigated to achieve less THM formation in the distribution 
system. To prove these, research, experiment, and data analysis were performed through 
chapters 4 through 9.  
 A secondary goal was to evaluate the potential for a non-chemical hardness 
removal technology in water. In chapter 3, saturation index (SI) reduction was 
investigated with Template Assisted Crystallization (TAC) media which can convert 
dissolved hardness like Ca
2+
 and HCO3
-
 into microscopic crystals at the atomic level of 
templates. TAC media led to significant free calcium ion reduction and its reduction also 
led to SI reduction of test water while a little free calcium ion reduction was observed in 
the absence of TAC beads. Column tests showed that TAC media would adjust the SI 
value of TAC treated water to zero when SI value of influent water was at lower values 
(0.08~0.3), however, the reduction in SI with higher SI values (0.7~1.3) was similar to 
the reduction at lower SI values which could be due to limitations in kinetics and/or mass 
transfer with the template on the TAC media. The conclusion from chapter 3 is that TAC 
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media led to a decrease in SI and the presence of suspended of CaCO3 crystals can help 
prevent scale in a downstream scale forming environment.  
 Pre-chlorination of various water sources prior to GAC treatment did not change 
DOC, however, higher pre-Cl2 dose resulted in the larger reduction in UVA254 and 
SUVA values. Pre-chlorination with different Cl2 dosage reduced the MWD of DOC 
between 600 and 5000Da. Pre-chlorination achieved a better UVA254 removal and the 
longer bed life in GAC media. Pre-formed THM during pre-chlorination were removed 
by GAC and higher Cl2 dose led to the faster breakthrough of THM through the GAC 
bed. Post-chlorination after GAC in SDS tests showed lower THM formation potential in 
the distribution system when pre-chlorination and higher Cl2 dose were applied. The 
conclusion from chapter 4 is that pre-chlorination prior to GAC process can produce less 
THM formation in the distribution system.  
 The mixtures of commercially available media (E33, Metsorb, and SIR 700) and 
activated carbon could remove As(V) and Cr(VI) from drinking water. In column tests 
for As(V) removal, columns with 5% and 10% of E33 or Metsorb loading on activated 
carbon achieved 2600~3800μg/g E33 and 1500~2100μg As/g Metsorb of As(V) 
adsorption capacities based on 10μg/L to breakthrough. There was the minimal effect of 
blending nanomaterial and GAC or IXE on UVA removal efficiency. Columns 
containing GAC and IXE at pH 6.5 achieved a more delayed breakthrough and higher 
adsorption capacity than those at pH 8.7. The adsorption capacity at pH 6.5 was > 
7200μg/g, but < 400μg/g at pH 8.7. One hour on-off intermittent operation system 
achieved higher adsorption capacity of Cr(VI) and better UVA254 and DOC removal 
than the continuous system at pH 6.5. From column tests, the 8~12% of mass loadings of 
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E33 was required to treat As(V) below 10μg/L in a CB while Metsorb needed 14~20% of 
mass loading. Mass loadings % of IXE for Cr(VI) removal was 15~28% at pH 6.5. The 
conclusion from chapter 5 is that blending metal oxides and activated carbon can remove 
As(V) without losing NOM removal efficiency and Cr(VI) adsorption capacity of IXE 
blended AC was better at low pH.  
 The single point adsorption batch tests with various media proved that the heating 
temperature of 25~250C did not show a significant difference in As(V) adsorption 
capacity of E33 (9400~10300μg As/g E33) and Metsorb (8000~9300μg As/g Metsorb). 
However, the adsorption capacity of E33 and Metsorb decreased at > 350C of the heating 
process. Considering that temperature in CB manufacturing process is about 200C, the 
heating process does not decrease As(V) adsorption capacity in CB fabrication process. 
Crushing and heating preparation of IXE also did not significantly affect the adsorption 
capacity of Cr(VI) (37900~39200mg Cr/g). Mass loading % for As(V) removal was the 
same 3% for E33 and Metsorb, and 2.6% for nanoporous iron oxides. In contrast, food 
grade iron and food grade titanium required 18% and 58% of mass loading. The 5% of 
mass loading of IXE was required for 200ppb of Cr(VI) removal, however, food grade 
titanium needed more than 100% of mass loading, which exceeded total mass of CB. The 
conclusion from chapter 6 is that pre-heating nanomaterial did not lose its As(V) or 
Cr(VI) adsorption capacity.  
 A mini CB apparatus was developed to conduct the performance test of the full 
scale of CBs. This device can save test water volume and lead to less waste production. 
The brass CB holder was adopted and 100 % of MB removal was achieved after sealing 
CB holder perfectly. The mini CB could simulate the performance of a full scale of CB in 
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the chloroform removal test, which achieved the same breakthrough of 7,000 BVs as an 
industry partner. In an As(V) removal test, the mini CB achieved a much faster 
breakthrough than a full-scale CB breakthrough proposed by the company, however, the 
field test performed with a full scale of CB and mini CBs simultaneously showed the 
similar trend of As(V) breakthrough was observed in full-scale CB and mini CB.  The 
conclusion from chapter 7 is that the mini CB device can simulate the full scale of CB 
performance well and uses 50~60times less volume of water..  
 Zeta potential of two Au (+) and Au(-) NPs had positive or negative values over a 
wide range of pH conditions (2~11) and the IEP of AC was around 2.5~3.0. At pH 
6.5~7.0, the higher AC dose achieved the lower remained Au concentration and Au(+) 
reduction by AC was higher than Au(-) at more than 25mg AC mass dose. The complete 
decoloration of Au(+) solution was observed at 0.1% Au mass loading, however, the real 
mass loading of Au (+) was lower than the theoretical Au mass loading. The conclusion 
from chapter 8 is that Au(+) achieved high loading onto AC due to more favorable 
electrostatic attachment on AC(-) than Au(-) at pH 6.5~7.0 and this finding means the 
possibility for ex-situ NP attachment to AC using electrostatic attraction force.  
 The IEP of AC and P25 was 3.0 and 6.0, and the optimal pH ranges were around 
4.0~5.0 for P25 attachment on AC using electrostatic attraction forces. The highest Ti 
loading of 6.4% on AC was achieved at pH 4.5. Fe+AC, Ti+AC, and P25+AC were 
prepared to make NP loaded CBs. Freundlich adsorption isotherm results show that the 
virgin AC and CB without NPs did not remove As(V) at all. The adsorption capacity 
parameter (KAs) of Fe+AC was the highest among three NP loaded ACs (Fe+AC, Ti+AC, 
P25+AC). P25+AC and P25+CB had zero of KAs values due to low Ti mass loading (< 
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1.4%). The first prepared Ti+CB showed the highest NP release in a turbidity and Ti 
concentration. However, Fe+CB and P25+CB reached the low turbidity < 0.5 NTU after 
2 minutes (< 6 BVs). The second prepared all CBs reached < 0.5NTU after 3min (< 10 
BVs). Ti+CB also showed a very low pH at the beginning of the test due to H2SO4 
production from hydrolysis of TiOSO4 to TiO2. The second prepared CBs are safe in NP 
release or pH aspect based on CB filters being generally flushed for 5~10minutes before 
a use. The first prepared Fe+CB and Ti+CB did not show good As(V) and UVA254 
breakthrough due to the weak hardness of CB and channeling problem in a mini CB 
holder. On the other hand, the second prepared Fe+CB achieved a delayed As(V) 
breakthrough while P25+CB had a sharp breakthrough at the beginning of the test. Based 
on 10μg/L of As(V) breakthrough, Fe+CB had the highest adsorption capacity (300μg 
As/g CB) while P25+CB achieved the lowest (12μg As/g CB). All four CBs showed the 
stable UVA254 removal and achieved the similar UVA254 breakthrough. The duplicate 
test result with Ti+CB showed the same trend of As(V) and UV254 breakthrough curve. 
The conclusion from chapter 9 is that As(V) adsorption capacities of three types of NP 
synthesized were different depending on NP types or impregnated weight loading; ex-situ 
synthesis method with P25 could not achieve as much As(V) adsorption capacity as in-
situ synthesis method with Fe or Ti.  
 
11.2 RECOMMENDATIONS FOR FUTURE RESEARCH 
11.2.1 Effect of competitive ions on IXE treatment 
 During column tests with IXE for Cr(VI) removal, a color change of IXE was 
observed from brown to dark blue. From the results of the copper analysis, it can be 
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deduced that a large amount of copper was present in the test water prepared by tap 
water. Even if the study by SenGupta et al (2010) showed that copper did not affect the 
removal of chromium(SenGupta and Sarkar, 2010), copper concentration of spent ion 
exchange at pH 6.5 was still high at 32mg Cu/g and 50mg Cu/g from XRF analysis, 
which were similar amount of Cr with 32mg Cr/g and 58mg Cr/g. Thus, it should be 
considered that further investigation will be required to investigate if cooper will reduce 
the IXE capacity by competing for ion exchange sites with Cr(VI).  
 The XRF analysis of IXE showed that the virgin ion exchange resin contained 
10mg Fe/g, and after the column tests, the concentration of iron in the spent ion exchange 
resins of column 2 and column 3 was decreased to 0.6mg Fe/g and 0.16mg Fe/g. This 
indicated that a large amount of iron element was consumed during the column test. 
Many studies have been carried out about the reduction of chromium (VI) to chromium 
(III) using iron salt. This mechanism of it is that Fe(II) as the reducing material reduces 
Cr(VI) to less toxic Cr(III) and precipitates Cr(III) as a form of Cr(OH)3(Li et al., 2016; 
Prasad et al., 2011; Ridge et al., 1994). Further study for the role of the iron in ion 
exchange resin is needed. 
11.2.2 Kinetic test of nanomaterials to get better sorption density at a short time 
 The kinetic tests were not conducted with virgin or crushed materials in this 
research. However, several studies show that small size of media for As(V) removal 
could enhance the kinetics. Arsenate adsorption kinetics on different mesh sizes of 
granular ferric hydroxide (GFH) showed that a faster arsenate uptake occurred with the 
smaller diameter GFH(Westerhoff et al., 2005). As(V) adsorption test on two mesh sizes 
of GFH also explained that adsorption kinetics were faster for smaller 
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particles(Badruzzaman et al., 2004).  
 The adsorption capacity of superfine activated carbon was not affected by particle 
size because the adsorption occurs in the internal pores of the activated carbon particles, 
however, particle size could be affecting adsorption kinetics and resulting in shorter time 
required for equilibration(Matsui et al., 2015, 2013, 2012). 
 Since the contact time of CB in POU system is very short with < one minute, the 
impregnation of nano-sized materials into CB can enhance the adsorption ability in 
shorter contact time and it can lead to the smaller size of CB or longer runtime. An 
application of smaller size of AC can also achieve a faster removal of odor, taste, and 
organic matter in the water. Kinetic tests using various sizes of activated carbons and 
nanomaterials should be performed to develop a nano-enabled CB capable of a fast 
removal of organic and inorganic pollutants simultaneously. 
11.2.3 Pre-test and performance test with various water conditions  
 The adsorption column test and batch test have been performed to investigate 
As(V) or Cr(VI) adsorption capacity with various water matrices and water conditions. 
E33 achieved 5200μg As/g of adsorption capacity from column test with tap water (30μg 
As/L) while 9400μg As/g of adsorption capacity in the batch test with deionized water 
(3mg As/L). Since the adsorption capacity of each nanomaterial is very dependent on the 
water quality of the influent water even if the same material will be applied to CB 
technology, performance tests will be needed to evaluate adsorption capacity of 
nanomaterials by changing the initial As(V) concentration, pH condition, and the 
concentration of other competing anions of test water before deciding nanomaterial for 
the carbon block blending. It is also necessary to prepare a real carbon block with 
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nanomaterials which are decided from the tests, and then evaluate the performance of the 
prepared carbon block to compare with the results of column or batch test. 
However, to provide CBs to the public, they need to get a verification from 
National Sanitation Foundation (NSF) International after evaluating the performance test 
of carbon block filter following laboratory testing standards developed by NSF and 
ANSI. Even if the performance test of developed CBs in this research was performed 
with tap water at pH 7.5~7.8, NSF standard describes to prepare test waters at two pH 
conditions of 6.5 and 8.5 with cations and anions at target values. The NSF challenge 
water can change the removal efficiency of As (V). Thus, it is necessary to conduct NP 
release test and performance test of nano-enabled CBs using the challenge water 
proposed by NSF. The mini CB test will be used to screen the optimum CB among 
different NP % loaded CBs or various nanomaterials loaded CBs and the selected CBs 
from the screening will be verified through a full-scale of CB performance test based on 
NSF standard method.  
11.2.4 Consideration of improving As(V) removal 
 A goal of this study was to develop the nano-enabled CB to treat As(V) below  
10μg As/L for 5000L of bed life. Three types of NP loaded CBs were fabricated to 
achieve this goal. However, the ex-situ synthesis method had a limit of attaching P25 
nanomaterials to carbon block (< 5% of Ti) and it led to a faster breakthrough and low 
As(V) adsorption capacity. The future research should consider developing an increase of 
NP loading on CBs through a surface treatment of activated carbon and find different ex-
situ NPs (Fe) with higher As(V) adsorption capacity.  
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APPENDIX A  
PROTOCOL FOR MINI CARBON BLOCK FOR CHAPTER 7 
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PROTOCOL FOR MINI CARBON BLOCK TEST 
 
 The purpose of test protocol is to provide experimenters with the standardized test 
methods and solutions to any potential problems or challenges that could occur during the 
experiment. This test protocol includes all these guidelines: general information of mini 
carbon block (CB) apparatus, set up of the devices, preparation of test water, 
determination of operational conditions, decision of sampling time and period, and the 
removal efficiency analysis method. 
 
APPLICATION OF THIS TEST 
 Methylene blue (MB) test of prepared CB holder 
 Validation test of mini CB performance with model contaminants 
 Mini CB performance tests from full scale of CB 
Includes removal test of target contaminants, nanoparticles release test, etc 
 
MINI CARBON BLOCK APPARATUS 
 Container for test water 
- 55gallons or 350gallons of container depending on operation conditions 
 FMI Piston Pump: 0~60ml/min and 0~100psi 
 A flow dampener 
- Maintain plug flow of test water from a pump 
 Digital Timer (Intermatic) 
- Applied to simulate on-off system 
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 Pressure Gauge: 0~60psi 
- Check a back pressure of mini CB during a test 
 Brass CB Holder 
- Two types of holders for 1.0 inch and 0.6 inch thickness of mini CB 
 A stand to hold the Mini CB Holder 
 Tubes and connectors 
 
 
Figure A.1. Mini CB test apparatus 
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Container Pump Timer Dampener Pressure gauge 
     
CB holder 
(Bottom) 
CB holder 
(Top) 
Stand Waste tank Waste lines 
 
Figure A.2. Pictures of each part 
 
OPERATIONAL PARAMETERS 
 To perform mini CB test, operation parameters of a lab scale of mini CB should 
be obtained from those of a full scale of CB filter. Table A.1 shows an example of 
operation parameters by normalizing the volume of full scale to bench scale. Based on 
volume of full scale of CB, flow rate (ml/min) and volume treated (L) are proportionally 
decreased in lab scale of CB while bed volume (L/L), empty bed contact time (EBCT, 
second), and operating time (hours) won`t be changed in full scale and lab scale. 
 Full scale of CB dimensions and operation conditions 
 Prepare mini CB 
 Measure dimension such as diameter and thickness 
 Calculation in EXCEL 
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Table A.1. Example of operation parameters of a lab scale of CB 
Parameters Unit Full scale Lab scale 
Thickness mm 25 25 
Height mm 150 - 
Diameter(OD) mm 110 32 
Diameter(ID) mm 50 - 
Volume of CB cm
3
 1130 20 
Flow rate ml/min 3400 60 
Volume treated L 5000 90 
Bed volume L/L 4423 4423 
EBCT Sec 20 20 
Operating time hr 25 25 
Surface loading rate ml/cm
2․min 6.6 to 14.4 7.5 
 
 
PREPARATION OF TEST WATERS 
 The test water is prepared differently depending on the target contaminants and 
water matrices. Generally, it should be prepared by following NSF/ANSI standard, 
however, it is not good for cost due to a need of lots of chemicals. Therefore, it is 
economical to use tap water containing ions naturally. When tap water is used as a test 
water, it is desirable to prepare dechlorinated tap water by filtering a CB filter to 
minimize the effect of chlorine or copper in tap water. If you need to prepare the test 
water required by the NSF, refer NSF/ANSI 42 and 53, as shown in Figure A.3.  
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NSF/ANSI 42(Health Effects) NSF/ANSI 53(Aesthetic Effects) 
Figure A.3. Standards by NSF International 
 
The process of preparing the test water is as follows. 
 Decision of matrix, contaminant type and target concentration 
- Matrices: NSF challenge water, deionized water, and dechlorinated tap water 
 Prepare stock solution with reasonable concentration 
 Add calculated volume of stock solution into container with water 
 Stir test water completely with mechanical mixer in a high bay  
- Use a stick to mix slowly for chloroform contaminant 
- If you use 350gallons of container, use recirculation pump during a test 
 Use HNO3 or NaOH to adjust pH of test water  
- It would be better to do a lab test before an application to test water 
 Add sufficient of buffer concentration with 5~10mM of HCO3
- 
in a deionized 
water to prevent pH change during a test 
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MINI CARBON BLOCK SET UP 
 To prepare mini CB, commercially available CBs or research purposed CBs made 
in an industrial partner can be used as raw materials. It is very important to insert a 
prepared mii CB in the brass CB holder. There are two processes to set up mini CB; 
drilling process and inserting process. The processes should follow the next steps. 
 
      < Cutting and drilling process > 
 Ask Stan a help for cutting and coring out mini CBs from full scale of CB 
- Stan has an authorized access and experience for these machines 
 Cut full scale of CB with the cutting machine to get expected thickness (around 1 
inch) of CB 
 Drill out mini CB with Drill press equipped with a hole saw to obtain 32 mmc 
diameter of mini CB 
 
 
 
↓ 
 
 
 
 
↓ 
 
Bandsaw 
(carbon block cutting) 
Full scale CBs  →  
1inch thickness of CBs 
Drill Press 
(Core drilling) 
1” thickness of CBs 
→ 32mm of CB 
 
Figure A.4. Processes of cutting and drilling out of mini carbon block  
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< Inserting process > 
 Check if a prepared mini CB is a little bigger than a diameter of CB holder 
 Trim mini CB for fitting in CB holder if it is required 
 Measure diameter, thickness, and mass of mini CB before an insertion to 
calculate operation conditions 
 Place rubbers to adjust the CB thickness and O-ring to prevent channeling 
problem at the bottom part of CB holder 
 Insert mini CB in a CB holder slowly with hand and keep inserting by striking 
gently the opposite side of min CB inserted part with rubber hammer 
 Inspect prepared mini CB inserted holder 
- Run deionized water through CB holder and check air bubbles at the edges or 
water distribution on the surface of CB with eyes 
 Place rubbers to adjust the CB thickness and O-ring to prevent channeling 
problem at the top part of CB holder 
 Do a MB removal test for 5 minutes (Follow the section of apparatus set up and 
operation) 
 
  
 
Rubber packing O-rings Insert process 
Figure A.5. Pictures of rubber, O-ring, and insert process with rubber hammer 
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APPARATUS SET UP AND OPERATION 
 To set up mini CB apparatus, pump, dampener, pressure gauge, mini CB holder 
should be well connected together.  
 
      < Set up> 
 Connect tubes from test water container to dampener 
 Install pressure gauge and connect it from dampener to CB holder 
 Place a tube of effluent from CB holder in the waste pipe 
 Prepare 55gallons of barrel for a waste from mini CB apparatus 
 
< Operation > 
For operation parameters of mini CB, The flow rate of pump and sampling time 
(Table A.2) should be considered. The bellows are the steps for mini CB operation. 
 
 Turn on the pump, adjust a flow rate of pump, and turn off the pump 
 Set up the timer if on-off system will be adopted 
- Follow a manual from manufacturer 
 Perform Methylene blue test with more than 5mg/L of MB 
- Prepare 250ppm of MB stock solution 
- Prepare 1L of 5ppm of MB test solution  
- Turn on the pump and run it for 5minutes 
- Collect one influent sample and three effluent samples at 1, 3, and 5minutes  
- Analyze an abs of MB at 664nm 
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 Turn on the pump and run mini CB  
 Collect sample at given BVs and check a change of back pressure over time 
 
Table A.2. Example of sampling interval for mini CB test 
Sample 
Interval  
BV 
Bv  
(start) 
V treated 
(L) 
Start time  
(exp min) 
Sampling  
Day 
Sampling  
Time 
date 
0 0 0 0 0 0 9:00 AM Mon 
1 200 200 6.5 66 0 10:06 AM Mon 
2 300 500 16.2 166 0 11:46 AM Mon 
3 500 1000 32.3 332 0 2:32 PM Mon 
4 500 1500 48.5 499 0 5:18 PM Mon 
5 500 2000 64.6 665 0 8:04 PM Mon 
6 700 2700 87.2 898 1 11:57 PM Mon 
7 1000 3700 119.6 1230 1 5:30 AM Tue 
8 1000 4700 151.9 1563 1 11:02 AM Tue 
9 1000 5700 184.2 1895 1 4:35 PM Tue 
10 1000 6700 216.5 2228 2 10:07 PM Tue 
11 1000 7700 248.8 2560 2 3:40 AM Wed 
12 1000 8700 281.1 2892 2 9:12 AM Wed 
13 800 9500 307.0 3158 2 1:38 PM Wed 
14 800 10300 332.8 3424 2 6:04 PM Wed 
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TROUBLESHOOTING  
1. Channeling problem 
< Reason > 
 Weak hardness of mini CB and broken parts of mini CB during insertion process 
 Use of wrong size of O-rings 
 Not enough insertion of mini CB in the bottom part of CB holder 
< Solution > 
 Look for mini CB with strong hardness and replace new mini CB 
 Adjust the height of inserted mini CB by placing rubber packing or O-ring 
2. Increase of back pressure 
< Reason > 
 Particles in test water can cause a quick increase of back pressure and more than 
60psi can make CB test to stop due to a decrease in flow rate 
 High NOM concentration in test water 
< Solution > 
 Be sure to filter test water with CB filter 
 Analyze NOM (DOC or UV254) before running mini CB test 
 If possible, backwash mini CB with deionized water  
3. Others 
 Preparation of 10,000ppm of chloroform stock solution 
- Methanol (CH3OH) in CHCl3 stock solution caused an increase of DOC 
- Add 0.7ml of CHCl3 in 5ml of MeOH as solvent and put nanopure water to 
total of 10ml  
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 Periodic flow measurement and adjustment 
 Analyze turbidity and pH at the beginning of a test (one hour)  
 
Note: This protocol still needs to be updated on the basis of experience and 
know-how obtained through continuous mini CB tests. 
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APPENDIX B 
PAIRED STUDENT T-TEST METHOD AND EXAMPLES FOR CHAPTER 4 
THROUGH 9 
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Statistical analysis of the data 
 Paired two sample Student’s t-tests were conducted to compare two analytical 
data. The paired t-test explains whether, at some confidential level, the average difference 
between paired two samples is significantly different. Paired t-test is a useful method for 
analysis of data that are paired and assumes that the differences between the paired 
random samples are normally distributed. Student’s t-tests are conducted to compare 
batch test data based on hypothesis tests. A null hypothesis and an alternative hypothesis 
are defined and the test provides evidence to accept or reject the null hypothesis. The null 
hypothesis (H0) defines that there is no difference between the compared samples, i.e., μ1 
- μ2 = 0, where μ indicates the sample mean. The alternative hypothesis (H1) assumes that 
the difference between two samples is different, i.e., μ1 - μ2 ≠ 0. The t-value is calculated 
as:  
  
      
      
 
 
 Where x d is the sample mean difference, μ0 is the mean value defined by the null 
hypothesis (μ0 = 0), S is the standard deviation of the sample and n is the number of 
samples in the data set. A probability of p value can be obtained in t distribution table 
using the calculated t-value and degree of freedom (n-1). The significance level (α) was 
0.05 in the statistics. The null hypothesis is rejected if p < 0.05, which means that two 
data are considered statistically significant. If p > 0.05, there is not enough evidence to 
reject the null hypothesis, which indicates that two compared data are considered as 
statistically similar(Brunel, 2007; Daya, 2003).  
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Statistical analysis of breakthrough curves 
 To compare two breakthrough curves using Student t-test, breakthrough data is 
treated as paired and breakthrough data sets must be normalized by effluent 
concentrations, i.e., effluent values reported as fractions of influent values, C/C0. The 
compared breakthrough curves must have the same time scale like bed volumes. An 
identical bed volume distribution was applied in all breakthrough curve comparisons to 
reduce error.  
 The mean difference (μd) between two breakthrough curves is calculated to 
determine if two data sets are statistically similar or not. The null hypothesis (H0) defines 
that there is no difference between the compared breakthrough curves, while the 
alternative hypothesis (H1) assumes that there is the difference between two breakthrough 
curves.  
Null hypothesis:       H0: μd0 = μd1 - μd2 = 0 
Alternative hypothesis:  H0: μd0 = μd1 - μd2 ≠ 0 
The test statistic tobs is then calculated as the following Equation: 
 
     
       
       
 
 
Where, x d: sample mean difference  
μd0: mean difference defined in the null hypothesis 
Sd: standard deviation of the difference  
n: number of observations (i.e., data points of each breakthrough curve)  
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  The significance level (α) is very important to determine if the null 
hypothesis (H0) is rejected or not. The significance level used in the t-test is 0.05, i.e., 
95% confidence level. A t-critical (tcrit) value for a t-distribution with degrees of freedom 
(n-1) was obtained from tabulated values of probabilities of t distribution. The probability 
of p-value is calculated with t distribution with Microsoft Excel (version 2013): 
 
     P = T.DIST.2T(tobs,n-1)  
 
 The null hypothesis is rejected if p < 0.05 (i.e., the compared breakthrough curves 
are considered as statistically different), however, p > 0.05 explains both breakthrough 
curves are considered as statistically similar (i.e., fail to reject the null hypothesis). 
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EXAMPLE 1 (Batch test) 
 Iron-based E33 and titanium-based Metsorb media were pre-heated at different 
temperatures ranged from 25 to 500℃ and then isotherm batch tests were performed to 
estimate adsorption capacity of As(V). The statistical analysis using paired t-test was 
conducted to determine whether a difference exists between E33 and Metsorb results. The 
significance level used in the t-test is 0.05, i.e., 95% confidence level. 
 
Pre-heated 
temperature 
(℃) 
q (mg As/g) data 
Difference 
E33 Metsorb 
25 10.27 8.05 2.22 
80 10.20 8.13 2.07 
150 9.67 8.00 1.67 
200 9.35 9.26 0.10 
250 9.35 8.23 1.11 
350 8.25 6.59 1.66 
500 5.26 5.11 0.14 
    
  
Mean  1.28 
  
STDEV 0.87 
  
N 7.00 
    
  
tobs 3.91 
  
Tcrit 2.45 
  
p-value 0.008 
 
Conclusion: Since p<0.05, the null hypothesis is rejected, which means that two data are 
considered statistically significant.  
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EXAMPLE 2 (Breakthrough curve) 
 The UVA breakthrough curve was obtained from RSSCTs at with or without pre-
chlorination prior to GAC to evaluate the effect of pre-chlorination on UVA removal in 
GAC. Student t-test was conducted to determine if two breakthrough curves are 
statistically different. Breakthrough data sets were normalized by effluent 
concentrations(C/C0) at the same bed volumes. The significance level used in the t-test 
was 0.05, i.e., 95% confidence level. 
  
Influent water UVA of SRL: 0.064 (/cm) 
  
BVs 
(L/L) 
GAC + No Cl2 GAC + 1 mgCl2/L GAC + 2 mgCl2/L 
UVA(/cm) C/C0 UVA(/cm) C/C0 UVA(/cm) C/C0 
1 100 0.004 0.06 0.004 0.06 0.003 0.05 
2 500 0.006 0.09 0.005 0.08 0.005 0.08 
3 1000 0.009 0.14 0.007 0.11 0.007 0.11 
4 2000 0.014 0.22 0.012 0.19 0.011 0.17 
5 3300 0.02 0.31 0.018 0.28 0.016 0.25 
6 5000 0.026 0.41 0.024 0.38 0.02 0.31 
7 6600 0.031 0.48 0.028 0.44 0.025 0.39 
8 7500 0.033 0.52 0.029 0.45 0.026 0.41 
9 8500 0.036 0.56 0.032 0.50 0.029 0.45 
10 10000 0.038 0.59 0.035 0.55 0.031 0.48 
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No Cl2 vs 1ppm Cl2 
 
No Cl2 vs 2ppm Cl2 
 
1ppm Cl2 vs 2ppm Cl2 
BVs Difference 
 
BVs Difference 
 
BVs Difference 
100 0.00 
 
100 0.02 
 
100 0.02 
500 0.02 
 
500 0.02 
 
500 0.00 
1000 0.03 
 
1000 0.03 
 
1000 0.00 
2000 0.03 
 
2000 0.05 
 
2000 0.02 
3300 0.03 
 
3300 0.06 
 
3300 0.03 
5000 0.03 
 
5000 0.09 
 
5000 0.06 
6600 0.05 
 
6600 0.09 
 
6600 0.05 
7500 0.06 
 
7500 0.11 
 
7500 0.05 
8500 0.06 
 
8500 0.11 
 
8500 0.05 
10000 0.05 
 
10000 0.11 
 
10000 0.06 
        
x d 0.036  
x d 0.069  
x d 0.033 
Sd 0.019  
Sd 0.037  
Sd 0.023 
N 10 
 
N 10 
 
N 10 
µd0 0 
 
µd0 0 
 
µd0 0 
tobs 6.125  
tobs 5.859  
tobs 4.594 
Tcrit 2.262  
Tcrit 2.262  
Tcrit 2.262 
p-value 0.00017 
 
p-value 0.00024 
 
p-value 0.0013 
 
Conclusion: Since p<0.05 for all compared breakthrough curves, the null hypothesis is 
rejected, which means that the compared breakthrough curves are considered as 
statistically different. 
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APPENDIX C 
STATISTICAL COMPARISON OF XRF AND GRAVIMETRIC ANALYTICAL 
METHODS FOR CHAPTER 9 
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 X-ray Fluorescence (XRF) and gravimetric analysis were compared to evaluate 
their relative agreement. The two analytical methods were used to analyze titanium and 
iron weight percent (Fe or Ti %) in NP loaded ACs and CBs. XRF is the faster and 
requires less sample preparation; however, it has lower accuracy and precision(DiScenza 
and Keimowitz, 2014). Figure C.1 shows the scatter diagram of XRF and gravimetric 
analysis by plotting XRF against gravimetric method data along with a 1:1 line. The 
plotted data above the 1:1 line indicates that XRF is overpredicting the gravimetric 
analysis, and the data below the line explains that XRF is underpredicting gravimetric 
analysis. XRF analysis overpredicts Fe/Ti content at < 15% of Fe/Ti if gravimetric 
analysis is considered as the accurate measurement.  
 Scatter diagrams may help in describing the variability in the paired data, 
however, difference plots are commonly used as graphical methods to describe the 
agreement between two analysis methods. Thus, I applied a Bland-Altman plot. Figure 
C.2 shows the Bland-Altman plot of XRF and gravimetric analysis (Fe or Ti content %). 
Red line represents the overall mean difference in values obtained with the two analytical 
methods. When the plotted differences represent XRF analysis minus gravimetric 
analysis, the bias quantifies how much higher (i.e., positive bias) or lower (i.e., negative 
bias) values are between two analytical methods. The 95% confidence limits of the 
Normal distribution are calculated (mean difference ± 1.96 SD) using the standard 
deviation (SD) of all the individual differences. The dotted horizontal lines represent the 
range of 95% confidence limits. Since all biases fall within 95% of confidence limits, the 
XRF analysis may be used interchangeably with gravimetric analysis(Hanneman, 2010; 
Simundic, 2016).  
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Figure C.1. Scatter diagram of XFR analysis and gravimetric analysis (1:1 line represents 
when XRF and gravimetric analysis give the same result)
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Figure C.2. Bland-Altman plot of XRF and gravimetric analysis (Fe or Ti content %), red 
line indicates mean of two analytical methods, dotted blue lines are lower and upper LOA 
(limit of agreement) 
 
